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Kinetics of the Reaction of SO2 with Calcined Limestone 
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National Air Pollution Control Administration 
Public Health Service 

Department of Health, Education, and Welfare 
Cincinnati, Ohio 45227 

Processes in which limestone and dolomite are used to desulfurize flue gas are 
being intensively investigated under the sponsorship of the National Air 
Pollution Control Administration. Such processes include dry injection of 
pulverized stone into boiler furnaces and the use of fluidized bed contactors, 
fluid bed combustion, and thin fixed-beds. 

It is generally assumed that limestone absorbs SO2 by a mechanism involving two 
consecutive steps, dissociation of the calcium carbonate followed by reaction of 
C.0 with sulfur dioxide. 
be important in any of the proposed pollution control processes. and especially 
in the dry injection process (Potter, 1968). Several investigators (Harrington, 
1968, Potter, 1969) have determined the saturation capacities of a large number 
of naturally occurring limestones and dolomites under various conditions of 
reaction with SO2. Other studies under way will define the rate of reaction 
of uncalcined limestones in the disperse phase (Lougher and mutant, 1968). The 
purpose of the investigation reported in this paper is to determine the rate 
of reaction of limestones after calcination under standardized conditions. 

It is expected that the rate of the second step will 

Experimental 

Complete geological descriptions of the stones used in this work are given in 
a separate report (Harvey, 1968). The chemical composition and primary physical 
characteristics of the calcined stones are given in Table I. Calcination was 
carried out in 180-gm batches in a Inconel kiln 12.5 cm. long and 8 cm. in diameter 
rotated at 1 rpm. It was heated to 98OoC in a muffle furnace and then charged 
with 10/28~1esh stone. 
2 hours to remove COq during calcination. 
complete under these conditions (C02 < 0 . 5 % ) .  
crushed, and screened into size ranges of 14/16, 28/35, 42/65, and 150/170 mesh 
(Tyler). 

The rate of reaction with SOq was determined in a differential reactor (Figure 1) 
constructed of Inconel alloy. In this type of reactor the thin layer of solid 
and high gas flow prevent gas-phase concentration gradients in the reacting solid. 
The gases enter the bottom of the reactor housing, are passed upward through an 
annular preheat section 73 cm. long and 5.25 cm. in diameter and then back 
downward through the inner, concentric reactor tube containing the limestone 

diameter 3.42 cm. 
removable carrier. 
reactor tube so that the entire gas flow passes through the solid during 
exposure. 

In this investigation a sample conoisted of 30 milligrams of calcined stone. 
which was distributed uniformly over the 2.65-cm. diameter screen. For small 
particle sizes a disk of woven refractory fabric was placed on the screen and 
a 1-cm. thickness of refractory (fused quartz) gauze on the fabric. The lime 
particles were dispersed into the gauze. 

> The kiln was maintained at 980°C and purged with air for 
f Conversion to the oxide was 

The calcined stone was cooled, 
I 

The calcined samples were stored in air-tight containers until used. 

' 

b 

8 sample. The outer diameter of the reactor tube is 4.13 cm., and the inner 
i 
1 .  The sample is supported on a 30-mesh Inconel screen in a 

The carrier is sealed against a flange in the center of the 

, 
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The mass f low r a t e  of gas- through the screen was matintained constant  a t  0 . 0 7 5  
gm/(cm2) ( sec) ,  which a t  870'C corresponds t o  a s u p e r f i c i a l  v e l o c i t y  of 2 4 0  cm/sec. 
A high gas  v e l o c i t y  reduced g a s  f i l m  r e s i s t a n c e  t o ' a  n e g l i g i b l e  va lue  so t h a t  
mass t r a n s f e r  to t h e  p a r t i c l e  sur face  did not  a f f e c t  r a t e  measurements. The 
gas  f e d  t o  the r e a c t o r  w a s  a f l u e  gas  generated by combustion of f u e l  o i l  
containing carbon d i s u l f i d e .  The composition of t h e  f l u e  gas was 10.5% C02, 
3.4% 0 , 9.9% H20, 0 . 2 7 %  SO2. 0.003% SO3, and 7 5 . 9 %  N2. 
concenzrat ion was monitored cont inuously wi th  a Beckman Mod. 315 i n f r a r e d  
ana lyzer .  

The r e a c t o r  was mounted i n  an electric furnace containing t h r e e  hea t ing  sec t ions .  
The center s e c t i o n  w a s  energized by a propor t iona l  c o n t r o l l e r  a c t i n g  on a 
thermocouple located 3.4 cm. above t h e  screen  support ing t h e  l i m e  sample. The 
o t h e r  two sections were equipped with v a r i a b l e  t ransformers  set  by thermocouples 
i n  the top and bottom of t h e  r e a c t o r  tube t o  maintain a uniform temperature  over 
t h e  f u l l  l ength  o f  t h e  r e a c t o r  and prehea ter  assembly. 
c a l i b r a t e d  in s i t u  a g a i n s t  a multiply sh ie lded ,  high-veloicty thennocouple. 
mul i tpo in t  recorder  cont inuously monitored r e a c t o r  temperatures. 

Before a run was s t a r t e d ,  t h e  carrier and sample were allowed t o  hea t  up f o r  5 
minutes t o  t h e  r e a c t o r  temperature. The t i m e  of exposure of t h e  s o l i d  t o  the 
gas  stream w a s  c o n t r o l l e d  by so lenoid  va lves  t h a t  s t a r t e d  the  gas flow a t  t h e  
beginning of  the run and purged t h e  r e a c t o r  with n i t rogen  a t  t h e  end of t h e  run. 
The sample w a s  removed from t h e  carrier a f t e r  exposure (along wi th  t h e  r e f r a c t o r y  
gauze, i f  used)  and analyzed f o r  s u l f a t e .  
t reatment  w i t h  i o n  exchange r e s i n ,  f i l t e r e d ,  and t i t r a t e d  i n  80% isopropyl  
a l c o h o l  wi th  barium p e r c h l o r a t e  using t h o r i n  i n d i c a t o r .  

The s u l f u r  dioxide 

The thermocouples were 
A 

The exposed sample was dissolved by 

R e s u l t s  and Discussion 

Tine chemical r e a c t i o n  between l imestone and s u l f u r  d ioxide  a t  
in the presence of  excess  oxygen is: 

high temperature 

CaO + SO2 + 112 O2 + CaSo4 (1) 

Equi l ibr ium data for t h e  r e a c t i o n  have been summarized by researchers a t  Battelle 
Memorial I n s t i t u t e  (1967). 
up to 123OOC a t  p a r t i a l  p r e s s u r e s  of SO corresponding t o  f l u e  gas concentrat ions 
of about  3000 ppm. 
i n  the r e a c t i o n  a l s o  i n  t h e  presence of i r o n  oxide i m p u r i t i e s  (Wickert, 1963). 
No d i s t i n c t i o n  is made in t h i s  s tudy between CaO and MgO, although t h e  d a t a  
suggest  t h a t  CaO is t h e  only s i g n i f i c a n t l y  r e a c t i v e  component at  t h e  temperatures 

. inves t iga ted .  When r e a c t i o n  (1) takes  p lace  i n  f l u e  gas  containing high con- 
c e n t r a t i o n s  of carbon dioxide,  equi l ibr ium a l s o  favors  a competing r e a c t i o n  
( B a t t e l l e ,  1967) below JJOOC: 

The r e a c t i o n  proceeds t o  t h e  r i g h t  a t  temperatures 

The MgO component 01 dolomite has  been reported t o  p a r t i c i p a t e  

CaO + GO2 + CaC03 ( 2 )  

Typical experimental r e s u l t s  f o r  t h e  s o r p t i o n  of SO 
t h e  mi l l ig rams SO 
is p l o t t e d  again82 exposure t i m e  a t  var ious r e a c t i o n  temperatures. 
a similar p l o t  f o r  d i f f e r e n t  p a r t i c l e  s i z e s  a t  a r e a c t i o n  temperature of 870'C. 
T o t a l  conversion of  t h e  CaO would correspond t o  an o r d i n a t e  va lue  of 2 3 . 2  mg. 
f i g u r e s  i l l u s t r a t e  t h e  s t r o n g  s e n s i t i v i t y  of  t h e  r e a c t i o n  t o  temperature and the 
s u r p r i s i n g l y  lov s e n s i t i v i t y  t o  p a r t i c l e  s i z e ,  which were c h a r a c t e r i s t i c  of a l l  
t h e  s t o n e s  examined. 

are shown i n  Figure 2 ;  
found i n  150/170-mesh p a r t i c l e s  PDp = .0096 cm) a f t e r  reac t ion  

F igure  3 shows 

These 

The rate of sorp t ion  was measured as  t h e  tangent t o  t h e  smooth curve drawn through 
t h e  d a t a  and is def ined  as: 
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1 dn' 
W dt 

r = -- 

I 

1 

where W is the grams calcined stone exposed in the reactor and n' is the gram 
moles of SO3 in the stone at time t. 

The data were correlated according to the rate expression for chemical reaction 
in a porous solid (Satterfield 6 Shewood, 1963): 

- - =  dn kvVCmn 
dt 

since dn'/dt = -dn/dt 

(4) 

The effect of SO concentration, C, on the reaction rate is shown in Figure 4 
for dolomite 1333. 
by changing the carbon disulfide content of the fuel oil burned in the furnace. 
The reaction rate was measured at a conversion of 10.5% of the CaO in 14116-mesh 
stone reacted at 87OoC. The line fitted to these data by the method of least 
mean squares has a slope of 1.088 or m * 1. indicating that the reaction is 
first order with respect to the concentration of SO2 in tlw p s  phase. 
concentration was fixed at a value of 2.88 x 10-8 gm mole/cm 
for the remainder of the experimental work, which is reported below. 

The rate constant k 
n'/W, the sulfate lzading; it decreases as the reaction progresses and the solid 
reactant is consumed. 
correlated by the Arrhenius equation: 

The SO2 concentration was varied between 58 and 6000 ppm 

The SO2 
(3000 ppm, dry) 

is a function of temperature and also some function of 

The temperature dependency of the sorption rate was 

-E/RT kv = Ae 

An Arrhenius plot for each of the four calcined stones is shown in Figure 5 for 
reactions at temperatures between 650 and 980°C. 
sulfate loading of 0.9~10-~ gm mole/gm of 150/170-mesh particle size sample. 
The data show a linear correlation between log r and 1/T, as specified by equations 
(5) and (6). 
plots was distinctly different from each stone, ranging from 8.1 to 18.1 K cal/gm 
mole. When rates were measured at higher CaO conversions - up to 20% - the 
plots shifted toward the abscissa, but remained parallel to the lines shown in 
Figure 5, thus indicating no significant change in the activation energy. 

The rates were measured at a 

The apparent activation energy determined from the slope of these 

The high sensitivity of the rate of sorption to temperature suggests chemical 
reaction to be the predominant rate-controlling resistance. 
energy for sorption controlled solely by bulk diffusion would be only 3.4 K cal/gm 
mole. 
are given in Table 11. 

The p l o t s  further indicate that reduction in rate of reaction with SO2 as a result 
of completion with C02, vas not important at 650OC. 
was evidence that reaction (2)  was aignificant and the Arrhenius plots could not 
be extrapolated to that temperature. 
temperature was raised from 980 to llOO°C, sorption rates decreasing at the 
higher temperature. 
10 minutes at 980°C and then reacted at 87OoC showed the same difference in rate 
when compared to a sample which was not exposed to the high temperature. It was 

The apparent activation 

A summary of the empirical kinetic parameters estimated from these data 

At 54OoC, however, there 

The plots also failed when the reaction 

Subsequent experiments in which the calcine was heated for 
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p a r t i c l e s  than i t  I s  f o r  small p a r t i c l e s .  Second, i t  shows t h a t  t h e  i n i t i a l  
rate at zero  loading may b e  eet imated so t h a t  t h e  e f f e c t i v e n e s s  f a c t o r  may be 
eva lua ted .  The data shown f o r  s tone  1337 i n d i c a t e  that t h e  e f f e c t i v e n e s s  f a c t o r  
w a s  n o t  u n i t y  i n  t h i s  case. 
s i z e .  

1 

Other  s t o n e s  showed less change i n  n with  p a r t i c l e  

1 concluded t h a t  t h e  l o s s  of r e a c t i v i t y  w a s  due t o  t h e  changes i n , p o r o s i t y  and 
bulk  d e n s i t y  which occur when l i m e  is "overburned" (Boynton, 1966). 

.I 

I 

The e f f e c t  of p a r t i c l e  s i z e  on r e a c t i o n  r a t e  is shown i n  Figure 6 i n  which the  
value of r a t  a s u l f a t e  loading  of 1.8 x 
i n v e r s e  of p a r t i c l e  diameter. I f  the  p a r t i c l e s  a r e  assumed t o  be s p h e r i c a l ,  
t h e  t o t a l  e x t e r i o r  sur face  of a given mass of s tone  ( s p e c i f i c  s u r f a c e )  would 
i n c r e a s e  wi th  1 / D  when t h e  p a r t i c l e  s i z e  i s  reduced. Also, i f  t h e  r e a c t i o n  
occurs  only a t  t h g  ou ter  s u r f a c e ,  the p l o t  shown i n  Figure 6 would be expected 
t o  be a s t r a i g h t  l i n e  through t h e  o r i g i n .  It is c l e a r  t h a t  the rate w a s  not  
propor t iona l  t o  s p e c i f i c  s u r f a c e  and i n  some cases w a s  e s s e n t i a l l y  independent 
of i t .  The r e s u l t s  suggest  t h a t  some r e a c t i o n  takes  place wi th in  t h e  i n t e r i o r  
s t r u c t u r e  of t h e  s o l i d  and t h a t  t h e  relative importance of the  i n t e r n a l  r e a c t i o n  
becomes g r e a t e r  a s  the  p a r t i c l e  s i z e  decreases .  These observat ions are similar 
t o  t h e  e f f e c t s  assoc ia ted  with highly porous c a t a l y s t s  and are c o n s i s t e n t  with 
the  f a c t  t h a t  the pore space in ca lc ined  l imestones usua l ly  accounts f o r  50% o r  
more o f  t h e  t o t a l  volume of  t h e  p a r t i c l e s .  The p o r o s i t i e s  6r f r a c t i o n  of 
p a r t i c l e  volume t h a t  is pore s p a c e l f o r  t h e  4 ca lc ined  s t o n e s  a r e  g.i.ven i n  
Table 2. 

gm mole/gm is p l o t t e d  a g a i n s t  the  

F igure  7 shows t h e  conversion vs. time response f o r  d i f f e r e n t  p a r t i c l e  s i z e s  of 
s t o n e s  1351 and 1343 over long per iods of exposure a t  870°C. 
t h e  response according t o  the  method o f  Shen and Smith (1965) was made t o  test 
f o r  i n t r a - p a r t i c l e  s h e l l  d i f f u s i o n .  
t h e  product c r u s t  as t h e  rate l i m i t i n g  mechanism and a non-porous s o l i d  r e a c t a n t  
i n  which r e a c t i o n  occurs  only  at t h e  i n t e r f a c e  of t h e  unreacted core.  
from t h i s  i n v e s t i g a t i o n  could n o t  be c o r r e l a t e d  by t h e  s h e l l  d i f f u s i o n  model when 
d i f f e r e n t  p a r t i c l e  s i z e s  were considered.  
d i f f u s i o n  model, which p r e d i c t s  t h a t  t h e  rate of s o r p t i o n  a t  a given s u l f a t e  
loading  w i l l  increase  wi th  1 / D  is c l e a r l y  i n c o n s i s t e n t  w i t h  d a t a  on p a r t i c l e  
s i z e  vs. r e a c t i o n  rate. This gnomaly can only  be explained i f  t h e  e f f e c t i v e  
d i f f u s i o n  c o e f f i c i e n t  decreases  with p a r t i c l e  s i z e .  Stone 1343, f o r  example, 
had a d i f f u s i o n  c o e f f i c i e n t  of 3.4 x 
but  only 0.054 x 

An a n a l y s i s  of 

This  model is based on d i f f u s i o n  through 

The d a t a  

Figure 6 shows t h a t  t h e  s h e l l  

c d s e c  f o r  14116-mesh p a r t i c l e  s i z e ,  
cm2/sec for  150/170-aesh p a r t i c l e  s i z e .  

1 

The d a t a  could be c o r r e l a t e d  e m p i r i c a l l y  over t h e  f u l l  course  of r e a c t i o n  by a 
p l o t  o f  l o g  r a g a i n s t  s u l f a t e  loading ,  n'/W, as shown i n  Figure 8. 
be  l i n e a r i z e d  i n  t h i s  manner f o r  a l l  p a r t i c l e  s i z e s  of each of t h e  four  s t o n e s  
examined a t  a r e a c t i o n  temperature  of 870°C. 
i n t e r p r e t e d  i n  terms of a change i n  t h e  frequency f a c t o r ,  A, of equat ion  (5). 
The frequency f a c t o r ,  which relates t h e  reaction rate t o  t h e  number of molecular 
c o l l i s i o n s  occurr ing  per  u n i t  volume p e r  u n i t  t i m e ,  is dependent upon the amount 
o f  SO2 and t h e  amount of CaO present .  
consumed, t h e  frequency f a c t o r  decreases  i n  some manner r e l a t e d  t o  t h e  amount 
of  s u l f a t e  formed. 

The d a t a  could 

The observed response can be 

1 
1 

As t h e  r e a c t i o n  progresses  and C a O  is 

Figure 8 sugges ts  a r e l a t i o n s h i p  of t h e  type: 

A A e-On'lW 
0 

(7) 

i 

I 
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The results of this study show that the rate of.sorption of SO2 by calcined 
limestones is dependent to a very large extent upon the kinetics of the 
chemical reaction, particularly at small particle s i zes  and that the rate of 
reaction predominates as the overall rate-controlling resistance for conversion 
of at least the first 20% of the CaO. 
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Nomenclature 

A 

C 

D 

E 

- 
P 

kV 

m 

n' 

R 

r 

V 

W 

T 

t 

B 

(1 

e 

frequency factor, sec-l 

frequency factor at zero solid conversion, sec-' 

gas phase concentration of sulfur dioxide, gm moles/cm3 

mean particle diameter, cm 

activation energy, cal/gm mole 

reaction rate constant per unit volume of solid, sec-l 

order of reaction with respect to sulfur dioxide 

sulfate in solid as SO3, gm moles 

gas constant, 1.987 (cal/gm mole OK) 

reaction rate with respect to formation of SO in the 
solid, gm mole/ (sec) (gm) 

total volume of solid, cm3 

weight of solid sample, gm 

temperature, OK 

time, sec 

empirical correlation factor defined by equation (7) 

effectiveness factor, ratio of reaction rate to the rate that would 
obtain if entire volume of particle participated equally in reaction 

bulk density of solid, gm/cm3 

3 
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Table I. Properties of Calcines 

(b 1 
Bulk (particle) Density, 

Sample L ~ I ( ~ )  % Fe203 % sio2 p gm/cm3 

1337 47.4 55 43 0.33 0.92 1.41 

1351 42.4 54 28.5 7.0 8.2 1.59 

1343 42.8 94 0.8 0.66 2.98 1.88 

1360 43.8 81 13.0 1.25 3.65 1.51 

Porosity (b)  
cm3/cm3 

0.60 
\ 

0.56 I 

0.45 

0.56 

(a) weight loss on calcination 

(b) 150/170 mesh particle size 

Table 11. Kinetic Parameters") for Sorption of SO2 by Calcined Limestones 

Prequenc Pachor, -1 Activation Energy, E Reaction Rate - Stone cal./gm mole Constant, K-- sec-1 - A e c  

1337 10 , 000 4.8 x lo3 2.4 105 

1351 18,100 7.2 103 9.0 x lo6 

1343 14,200 4.0 103 1.1 x 106 

1360 8,100 2.3 103 5.5 x 104 

(a) ,evaluated at sulfate loading of 0.9 x gm mole/gm, 150/170 mesh 
particle size. 

t 
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KINETICS OF RECOVERING SULFUR FROM THE SPENT SEED I N  AN MHD POWER PLANT 

H.F. Feldmann, W.H. Simons, J.J. Gal lagher ,  and D.  Bienstock 

U.S. Department of  the  I n t e r i o r ,  Bureau of Mines, 
P i t t sburgh  Coal Research Center ,  P i t t sburgh ,  Pa. 

ABSTRACT 

The open-cycle magnetohydrodynamic power p l a n t  o f f e r s  a unique means of 
p r o f i t a b l y  recovering s u l f u r  from i t s  e f f l u e n t  gases. 
a f f i n i t y  t h e  potassium o r  cesium seeding m a t e r i a l s  have f o r  s u l f u r  and t h e i r  ease  
of regenerat ion.  These compounds a r e  added t o  make t h e  gas  e l e c t r i c a l l y  con- 
duc t ive  and, because of  t h e i r  c o s t ,  must be recovered and recycled to the  MHD 
generator .  
from t h e  seed-slag mixture  before  the  seed-slag mixture  i s  recycled t o  t h e  MHD 
generator  i s  descr ibed and experimental ly  confitmed. As a r e s u l t  of t h i s  process 
the  seed maintains  i t s  capac i ty  to  remove s u l f u r  from the  combustion products and 
a s u l f u r - f r e e  e f f l u e n t  gas  i s  produced. 
mental d a t a  i s  presented. 
condi t ions  f o r  a s u l f u r  recovery r e a c t o r  f o r  a 1000 N e  MHD power s t a t i o n .  

This  i s  due t o  the  high 

A process  which removes the s u l f u r  with hydrogen as hydrogen s u l f i d e  

A k i n e t i c  i n t e r p r e t a t i o n  of  t h e  exper i -  
This  d a t a  is used t o  spec i fy  t h e  des ign  and operat ing 

The k i n e t i c  model i s  shown t o  apply a l s o  t o  t h e  regenera t ion  of the  absorbent 
i n  t h e  a l k a l i z e d  alumina process  present ly  under development f o r  removing s u l f u r  
dioxide from power p l a n t  s t a c k  gases .  

INTRODUCTION 

The bas ic  na ture  of t h e  operat ion o f  a n  MHD-topped power p l a n t  o f f e r s  a means 
not  a v a i l a b l e  i n  a conventional power p l a n t  of recovering s u l f u r  from t h e  com- 
bus t ion  products. . 

I n  an MHD-topped power p l a n t ,  the  canbust ion products a r e  seeded with a 
potassium o r  c e s i u m  seed t o  make them e l e c t r i c a l l y  conductive. 
and whatever s l a g  contaminants it conta ins  are then recovered and recycled t o  the 
MHD generator .  For economical opera t ion  of  t h e  MHD-topped power p l a n t  t h i s  re- 
covery of  seed must be  e s s e n t i a l l y  canplete .  
(1-3) i n d i c a t e  t h a t  i f  t h e r e  i s  any s u l f u r  i n  t h e  combustion products ,  t h e  potas-  
sium or  cesium seed w i l l  condense as the  s u l f a t e  and t h a t  t h i s  r e a c t i o n  can  be 
s toichiometr ic .  

The condensed seed 

Experimental and t h e o r e t i c a l  s t u d i e s  

We propose tak ing  advantage of the  chemistry and na ture  of  t h e  MHD-topped 

To 
power p l a n t  opera t ion  t o  e l imina te  a i r  p o l l u t i o n  from s u l f u r  oxides  as w e l l  as t o  
provide an economically a t t r a c t i v e  means of recovering t h e  s u l f u r  i n  coal .  

1 achieve these  g o a l s  it i s  necessary t o  remove t h e  s u l f u r  from t h e  seed-slag mixture  
1 before  recyc l ing  t h e  mixture  t o  t h e  generator .  To be most d e s i r a b l e ,  t h i s  process 

should remove t h e  s u l f u r  from t h e  seed-slag mixture i n  a form t h a t  can be r e a d i l y  
converted t o  a s a l a b l e  product. I 

This paper descr ibes  our  experimental and k i n e t i c  ana lyses  of a process t o  
convert t h e  s u l f u r  i n  the  seed-s lag  mixture t o  hydrogen s u l f i d e  with a hydrogen 
feed gas. The hydrogen s u l f i d e  can  then be separated from t h e  hydrogen by s t r i p -  
ping with an ethanolamine s o l u t i o n  and converted t o  e lemental  s u l f u r  v i a  t h e  con- 
vent iona l  Claus oxida t ion  process. 
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The k i n e t i c  model developed i n  t h i s  s tudy i s  a l s o  appl ied  t o  the  regenera t ion  
of a l k a l i z e d  alumina with hydrogen. 

EXPERIMENTAL PROCEDURE 

Prepara t ion  o f  Simulated Seed-Slag Mixture 

To simulate  a seed-slag mixture  such as would be recovered from an MHD p l a n t  e), a 4.6/1 mole r a t i o  of  Si02/K2S04 was mixed by b a l l  m i l l i n g  and then fused a t  
2,100% (the approximate dew p o i n t  of  K2SO4 i n  combustion products  of s u l f u r -  
conta in ing  f u e l s )  f o r  48 hours. The fused mixture was aga in  b a l l  mi l led  and then 
formed i n t o  1/8 x 114 c y l i n d r i c a l  p e l l e t s .  
the  experiments. 

Operation 

These p e l l e t s  c o n s t i t u t e d  t h e  feed f o r  

Except where otherwise noted 55 g of  sample were charged t o  t h e  r e a c t o r ,  
which was f o r  most o f  t h e  tests a "Vycor" tube 15/16 inches I.D. 
heated under n i t rogen  p r e s s u r e  t o  t h e  d e s i r e d  temperature and hydrogen w a s  then 
admitted t h r u  a quick opening va lve .  
0.2 g mole/min f o r  a l l  t h e  t es t s  as this  was found t o  approximate d i f f e r e n t i a l  
opera t ion  and, a t  t h e  same t i m e ,  t o  g i v e  measurable (0.1 t o  2 mole percent )  
hydrogen s u l f i d e  concent ra t ions .  Except where otherwise noted by d a t a  p o i n t s ,  
gas  samples were taken every two minutes over the  f i r s t  t h i r t y  minutes and every 
10 minutes  t h e r e a f t e r .  The system w a s  designed t o  minimize backmixing e f f e c t s  
and t h e  gas analyses  i n d i c a t e  t h a t  these  effectsrrere  negl ig ib le .  

The r e a c t o r  w a s  

Hydrogen flow rates were maintained a t  

The s u l f u r  removal r a t e  w a s  c a l c u l a t e d  from t h e  d a t a  by the  formula 

= GYH2S/WS0 

where r i s  t h e  H2S formation rate i n  g-moles H2S g-sample, min., G is  t h e  gas  flow 
r a t e  i n  g-moleslmin, v2s is  the mole f r a c t i o n  of  hydrogen s u l f i d e ,  and Us0 i s  the  
i n i t i a l  weight of s o l i d  sample. 
of s o l i d  res idence  time was obtained by g r a p h i c a l l y  i n t e g r a t i n g  r. 

The conversion t o  hydrogen s u l f i d e  as a funct ion 

RESULTS AND DISCUSSION 

The k i n e t i c  model i s  based p r i m a r i l y  on t h e  following experimental 
observat ions:  

(1) The i n i t i a l  r e a c t i o n  r a t e  i s  zero  and increases  over  a time i n t e r v a l  t h a t  
depends on temperature to  a maximum v a l u e ,  e.g. a t  875'C, f i g .  7, t h i s  time i s  one 
minute o r  less, a t  8OO0C, f i g .  6 ,  i t  i s  approximately 6 minutes. S i m i l a r  behavior 
i s  a l s o  shown i n  f i g s .  1 thru  5 f o r  o t h e r  temperatures. 

(2) The maximum conversion l e v e l  t h a t  can  be achieved is a l s o  a func t ion  of 
temperature. 
before  t h e  r e a c t i o n  r a t e  decays t o  zero ,  a t  760° t o  800°C roughly 50 percent  of 
the  s u l f u r  can  be converted t o  H2S. 

For example, a t  8 7 5 %  only 4 percent  o f  t h e  s u l f u r  can be converted 

1 



One i n t e r p r e t a t i o n  of t h e  above experimental resul ts  is  t h a t  i n i t i a l l y  t h e  
s u l f u r  i s  i n  a s t a t e  which w i l l  not  r e a c t  t o  form hydrogen s u l f i d e .  
exposure t o  the  reac t ion  condi t ions  the  o r i g i n a l  i n a c t i v e  s u l f u r  compound t r a n s -  
forms t o  an a c t i v e  intermediate  which r e a c t s  t o  form hydrogen s u l f i d e .  Thus, the  
hydrogen s u l f i d e  production rate r e f l e c t s  t h e  concent ra t ion  of a c t i v e  intermediate  
which starts a t  zero,  rises t o  a maximum, and then decays with increas ing  time. 

However, upon 

) 

\ 
The decay of the  hydrogen s u l f i d e  product ion r a t e  t o  zero before  su l fur  con- 

, vers ion  i s  complete can be accounted f o r  by assuming t h a t  concurrent  with t h e  
formation of a n  active intermediate ,  which reacts with hydrogen t o  form hydrogen 
s u l f i d e ,  is  t h e  formation of  a s u l f u r  compound which i s  r e f r a c t o r y  t o  hydrogen. 
With these  assumptions about the  chemistry several equal ly  p l a u s i b l e  r e a c t i o n  
models can  be proposed. 
f e r e n t  models are a l l  o f  t h e  same form making i t  impossible t o  d i s t i n g u i s h  be- 
tween them on k i n e t i c  grounds. 

However, t h e  rate equat ions corresponding t o  these  d i f -  \ 

Also, although a t tempts  by x- ray  a n a l y s i s  have been made, chemical i d e n t i -  
f i c a t i o n  o f  the  a c t u a l  spec ies  present  has  not y e t  been achieved. Thus, we chose 
t o  use the s imple&phys ica l ly  f e a s i b l e  r e a c t i o n  scheme t o  d e r i v e  t h e  r a t e  equat ions 
with which t o  analyze t h e  da ta .  

1 

;' 
I n  d e t a i l .  what w e  assume i n  our  model i s  t h a t  t h e  s u l f u r  i s  i n  an i n i t i a l  

state I which, under r e a c t i o n  condi t ions ,  i s  transformed i n t o  
conta in ing  species  A as w e l l  as a s u l f u r  spec ies  R r e f r a c t o r y  
chemical reac t ions  occurr ing i n  t h e  system are 

k l  I +  
k 

A + H 2  2, 

1 -  k3 

I 
where kl, k2 and k3 are r e a c t i o n  
r e a c t i o n s  to  be  f i r s t  o rder  with 

A ,  

H2S I 

R, 

rate cons tan ts .  We take  a l l  
respec t  t o  the concent ra t ion  

a n  a c t i v e  s u l f u r  
t o  hydrogen. The 

o f  t h e  above 
o f  s o l i d  reac tan ts .  

S ince  the  hydrogen p a r t i a l  p ressure  i n  t h i s  series of  experiments i s  main- 
ta ined  cons tan t ,  k l ,  k2, and k3 are completely determined by t h e  temperature 
a l though i n  genera l  they are a l s o  dependent upon hydrogen p a r t i a l  pressure.  

The reac t ion  of  primary i n t e r e s t  is (2) s i n c e  it i s  t h i s  r e a c t i o n  which re- 
moves s u l f u r  f r a n  t h e  s o l i d  sample and produces t h e  hydrogen s u l f i d e  which can  be 

, converted t o  t h e  d e s i r e d  elemental s u l f u r .  A t  cons tan t  hydrogen p a r t i a l  pressure 
t h e  rate of hydrogen s u l f i d e  production i s  taken t o  be 

The concent ra t ion  of  A as a func t ion  of time can b e  found by so lv ing  t h e  following 
d i f f e r e n t i a l  equat ion 

which descr ibes  A ' s  n e t  formation where t h e  concent ra t ion  of I is obtained by 
so lv ing  t h e  d i f f e r e n t i a l  equat ion,  

- */ Q u a n t i t i e s  i n  parentheses  are concent ra t ions  of s o l i d  r e a c t a n t s  measured i n  

I 
i 
I 
I ,  g -a101 es /g - s o l i d .  
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d e s c r i b i n g  1's disappearance. 
t h e  i n i t i a l  concent ra t ion  o f  s u l f u r  i n  the s o l i d .  
i n  (5) g i v e s  

From (6) we have '(I) = (I )e-(k1+k3)t where (I,) i s  
SubstBtut ing this  va lue  f o r  (I) 

whose s o l u t i o n  i s  

Thus, i n  view of  (4) ,  w e  see that t h e  rate o f  hydrogen s u l f i d e  production i s  
given by 

- 
r =  - . - k 2 t j  (7) 

For t h e  regenerat ion of fused K2SO4-SiOp mixtures  our  d a t a  i n d i c a t e  that i n  
t h e  neighborhood of 8OO0C kl+k3 i s  approximately equal  t o  k2. 

S i n c e  

we u s e  t h e  formula 

r = klkg(Io) t  e-k2t 

f o r  t h e  rate of hydrogen s u l f i d e  product ion when k l f k 3  = k2. 

Equation (7) o r  (8) i f  a p p r o p r i a t e ,  i s  used t o  c o r r e l a t e  t h e  d i r e c t l y  
measured r a t e  d a t a .  I n t e g r a t i o n  of (7) o r  (8) enables  us  t o  compare pred ic ted  
conversion t o  hydrogen s u l f i d e  with experimental ly  determined conversion obtained 
by g r a p h i c a l  i n t e g r a t i o n  of  t h e  measured rate da ta .  
k1k2(10) 

t h e  b e s t  least squares f i t  of  (7) o r  (8) t o  t h e  rate da ta .  

Values f o r  t h e  c o e f f i c i e n t  

or klkp(IO) and t h e  exponents (kl+k3) and kg are s e l e c t e d  on the b a s i s  of k2-kl-kq 

Calcula ted  va lues  o f  hydrogen s u l f i d e  genera t ion  r a t e s  us ing  these cons tan ts  
are shown f o r  t h e  fused K2SO4-SiO2 mixtures  i n  f i g s .  1 t h r u  7 f o r  temperatures of 
700°, 725O, 760°, 775', 800°,  and 875'C. Examination of t h e s e  r e s u l t s  i n d i c a t e s  
cons iderable  s c a t t e r  i n  t h e  ra te  d a t a  between 725O and 80OoC.  We a t t r i b u t e  t h i s  
s c a t t e r  to  t h e  la rge  v a r i a t i o n  i n  r e a c t i o n  rate with temperature which is c l e a r l y  
ev ident  i n  f i g s .  1 t h r u  7. Not only does t h e  shape of  t h e  r e a c t i o n  rate versus  
t i m e  curve  change d r a s t i c a l l y  i n  t h e  temperature span from 700' t o  875OC but  there 
i s  also a pronounced v a r i a t i o n  i n  t h e  magnitude of t h e  r e a c t i o n  rates. 
v a r i a b i l i t y  of  r e a c t i o n  r a t e  wi th  temperature coupled w i t h  our  i n a b i l i t y  to reduce 
temperature  g r a d i e n t s  i n  the  sample much below 10" t o  2OoC make i t  impossible  t o  
e x e r c i s e  b e t t e r  c o n t r o l  over r e a c t i o n  ra te  f l u c t u a t i o n s .  Running many d u p l i c a t e  
de te rmina t ions  of  rate versus  time as  i s  shown i n  f i g .  6 at 800'C and using t h e  
average  v a l u e  f o r  each time t e n d s  t o  smooth t h e  rate d a t a  considerably.  

This 
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are 
(8) 

Experimental l e v e l s  of s u l f u r  production g o t t e n  by i n t e g r a t i n g  t h e  rate d a t a  
compared i n  f i g .  8 with those ca lcu la ted  by a n a l y t i c a l l y  i n t e g r a t i n g  (7 )  and 

The agreement between predic ted  conversion and measured conversion is  w e l l  . 
w i t h i n  the experimental e r r o r ,  e s p e c i a l l y  when one considers  t h a t  t h e  e r r o r s  i n  
t h e  i n t e g r a l  d a t a  are cumulative and t h a t  r e l a t i v e l y  few d a t a  p o i n t s  pas t  31 o r  41 
minutes are taken. The scatter t h a t  does e x i s t  would have been f u r t h e r  reduced i f  
t h e  least squares f i t  were based on t h i s  i n t e g r a l  d a t a  r a t h e r  than on t h e  rate 
d a t a .  
t h e  e f f e c t  of  r e a c t o r  s i z e  on s u l f u r  production over a wide range i n  shape of 
r ( t , T )  curves. 

Thus, the  der ived r a t e  equat ions can be used with good accuracy t o  p r e d i c t  

Ef fec t  of  Temperature 

I n  f i t t i n g  (7)  and (8) t o  t h e  rate d a t a ,  t h e  groups involving t h e  r e a c t i o n  
and k3 them- v e l o c i t y  cons tan ts  are evaluated r a t h e r  than t h e  cons 

se lves .  

kl+k 
k2 d e n  the c o e f f i c i e n t  klk2(10) and t h e  exponent k2 are t h e  q u a n t i t i e s  ca lcu la ted .  

That i s ,  i f  kp # kl+k3 then t h e  c o e f f i c i e n t  and t h e  exponents 

and k2 are t h e  terms determined by t h e  least  squares  f i t ,  whereas i f  kl+k3 = 

The e f f e c t  o f  temperature on kl+k3, kg, and -k i s  shown i n  f i g s .  9 and 

( Io)k lkx  
k2 -kl-k3 

2- 1 3 
10, respect ively.  The reason f o r  the hyperbol ic  behavior of the  group 

becomes clear when one takes  i n t o  account t h a t  f o r  s m a l l  va lues  of kl+k3 r e l a t i v e  
t o  kp i t s  e s s e n t i a l  behavior i s  t h a t  of ( I o ) k l  b u t  as kl+k-, increases  t h e  

dominating e f f e c t  becomes t h e  f a c t  t h a t  +k LpI ~ k2 k2-kl-k3 = m. Although (8) 
1 3  

i s  s t r i c t l y  appl icable  only when kl+k3 = kp, it does provide a s a t i s f a c t o r y  f i t  
even t o  d a t a  w e l l  away from t h i s  c o n s t r a i n t .  Thus t h e  problem of  the inherent  

can be avoided by using 
(1, ) klkZ 
k2-kl-k3 

inaccuracy i n  t h e  eva lua t ion  o f  l a r g e  va lues  of 

(I0)k1k2 
(8) when kl+k3 i s  near k2. For kl+k3> k2, k2-kl-k3 i s  nega t ive  and f o r  la rge  

- (1o)klkZ. nus 
kl+k3 

va lues  of kl+k3 re la t ive t o  kg i t s  e s s e n t i a l  behavior i s  t h a t  of 

f o r  high temperatures (above 800°C i n  our s tudy)  t h e  va lues  of  t h i s  group l i e  on a 
curve which i s  similar t o  t h e  r e f l e c t i o n  o f  i t s  graph generated at low tempera- 
t u r e s  (below 800°C) i n  t h e  opposi te  quadrant. 
independent of temperature. This  i n d i c a t e s  t h e  r e a c t i o n  f o r  t h e  production of 
hydrogen s u l f i d e  may be gas  f i l m  o r  p a r t i c l e  d i f f u s i o n  c o n t r o l l e d  above 725°C. 

A t  temperatures above 725"C, k2 is  

Knowing t h e  i n i t i a l  concent ra t ion  of  s u l f u r ,  (IO), al lows t h e  c a l c u l a t i o n  of  
s e p a r a t e  va lues  f o r  k l  and k3. 
va lues  on temperature. 
func t ion  of t i m e  and temperature can be explained. 

Fig.  9 shows the  dependence o f  t h e s e  separa te  
With t h i s  information the  behavior of t h e  system as a 

For example, t h e  experimental l i m i t a t i o n s  o f  s u l f u r  conversion to  hydrogen 
s u l f i d e  are explained i n  terms of t h e  formation o f  t h e  s o l i d  s u l f u r  compound R 
which w i l l  not  react with hydrogen. acc rd ing  t o  
our  model, d(R)/dt  = k3(I)  and, as w a s  seen from ( 6 )  (I) = (Io)e-fP1+k3yt. Thus 
t h e  concent ra t ion  of  r e s i d u a l  s u l f u r  i s  

The rate of formation of  R i 
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The maximum conversion l e v e l  t o  hydrogen s u l f i d e  i s  achieved when t = and 

(Io>(R)(t=m) = k3 
i s ,  a t  any given temperature, kl+k3 . The maximum conversion 

(10) 
l e v e l  of  s u l f u t  t o  hydrogen s u l f i d e ,  shown i n  f i g .  11, i s  therefore  a func t ion  of 
temperature  only. This  maximum i s  approximately 80 percent  and should occur 
around 73OoC, 
wel l  before  t h e  maximum conversion w a s  approached. 
t u r e s  s tud ied  residence times were s u f f i c i e n t l y  long t o  enable  c l o s e  approach t o  
maximum conversion. 
f i g .  11. 

Unfortunately,  o u r  experiments a t  700" and 725OC were terminated 
However, a t  t h e  o t h e r  tempera- 

These d a t a  a r e  compared with those pred ic ted  by t h e  model i n  

Both t h e  marximum conversion d a t a  i n  f i g .  11 and the  r e a c t i o n  r a t e  d a t a  i n  
f i g s .  1 t h r u  7 i n d i c a t e  t h a t  o p e r a t i n g  at  temperatures e i t h e r  above 800°C o r  
below 725'C would not be p r a c t i c a l .  
level of  t h e  p a r t i c u l a r  c o a l  used and t h e  e f f e c t  o f  r e a c t o r  s i z e  on t h e  process 
economics. 

The optimum temperature depends on t h e  s u l f u r  

S ince  t h e  constancy of k2 with r e s p e c t  t o  temperature i n d i c a t e s  t h a t  t h e  
r e a c t i o n  r a t e  t o  form hydrogen s u l f i d e  may be gas f i lm o r  p a r t i c l e  d i f f u s i o n  con- 
t r o l l e d ,  i t  i s  o f  i n t e r e s t  t o  s e e  what advantages may accrue by opera t ing  r e a c t o r s  
a t  increased g a s  v e l o c i t i e s  o r  with f i n e r  p a r t i c l e s  i n  order  t o  increase  kg. For 
va lues  o f  k2 much g r e a t e r  than kl+k3 and f o r  t > 0 t h e  rea a t e  t o  form 
hydrogen s u l f i d e  i s  approximately given by rma = kl(Io)e -FE;rF&, f t . Thus, increases  
i n  the  s p e c i f i c  gas flow r a t e  above t h a t  used i n  our present  experiments o r  
opera t ion  wi th  f i n e r  p a r t i c l e s  should a t  most allow conversion r a t e s  t o  increase  
t o  t h e  v a l u e s  ind ica ted  by rmax. However, even with t h e  higher  va lues  of  k2 t h e  
m a x i m u m  conversion t o  hydrogen s u l f i d e  w i l l  remain f ixed because i t  depends only 
on k l  and k3. 

Appl ica t ion  o f  t h e  Model t o  t h e  Regenerat ion of Alkal ized Alumina 

Hydrogen s u l f i d e  formation rates w i t h  hydrogen and s u l f u r - s a t u r a t e d  a l k a l i z e d  
alumina were measured a t  680°C to  see i f  t h e  same k i n e t i c  model could b e  used t o  
d e s c r i b e  t h i s  apparent ly  similar r e a c t i o n  system. The c m p a r i s o n ,  shown i n  f i g .  
12, of  measured r a t e s  with r a t e s  c a l c u l a t e d  using t h e  model v e r i f i e s  t h a t  t h e  
model a l s o  descr ibes  t h e  k i n e t i c s  of regenerat ing a l k a l i z e d  alumina. Comparison 
of  t h e  measured conversion l e v e l  with t h a t  obtained by i n t e g r a t i o n  of  t h e  ra te  
equat ion is shown i n  f i g .  13. This s i m i l a r i t y  of regenerat ion k i n e t i c s  i n d i c a t e s  
t h a t  techniques for  regenera t ing  a l k a l i z e d  alumina (5) can a l s o  be u t i l i z e d  t o  
remove s u l f u r  from seed-s lag  mixtures .  

Economic F e a s i b i l i t y  of  Removing S u l f u r  from Recycling Seed-Slag Mixtures 

While no d e t a i l e d  es t imates  have y e t  been made on t h e  c o s t s  of  removing 
s u l f u r  frw recycl ing  seed-slag mixtures ,  it i s  p o s s i b l e  t o  make a rough c o s t  
estimate using the  d a t a  i n  t h i s  paper .  For example, t h e  s u l f u r  production r a t e  of 
a 1,000 me MHD-topped power p l a n t  having a thermal e f f i c i e n c y  of 0.47 and using a 
13,610 Btu / lb  3 wt-percent s u l f u r  c o a l  f o r  f u e l  w i l l  be 383,000 lbs/day which, a t  
a va lue  of $4012,240 l b s ,  i s  worth $6,83O/day. Such a p l a n t  w i l l  be seeded with 
about  2 g-moles of K20/kg-coal. With t h i s  seeding l e v e l  47 percent  of t h e  s u l f u r  
conten t  i n  t h e  recyc l ing  seed-s lag  mixture  w i l l  have t o  be  converted t o  hydrogen 
s u l f i d e  each pass  t o  ensure a s u l f u r - f r e e  power p l a n t  e f f l u e n t  gas .  
bed seed-slag regenerat ion r e a c t o r  ( t o  avoid complicat ion of varying hydrogen 
p a r t i a l  p r e s s u r e  i n  t h e  r e a c t o r )  opera t ing  a t  a pressure  s u f f i c i e n t  t o  maintain a 

Using a f l u i d -  

i 
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1 a t m  hydrogen p a r t i a l  p ressure ,  w e  f ind from the  d a t a  i n  f i g .  8 the  s o l i d s  resi-  
dence time needed t o  achieve the  des i red  conversion l e v e l  i s  40 minutes a t  775OC. 
This residence t i m e  r e q u i r e s  a r e a c t o r  volume o f  145 m3 f o r  t h e  bulk dens i ty  of 
t h e  material used i n  our experiments. The t o t a l  r e a c t o r  pressure  which w i l l  be 
needed t o  maintain t h e  1 atm hydrogen p a r t i a l  p ressure  i s  approximately 1.2 a t m  
f o r  a hydrogen s u l f i d e  concent ra t ion  i n  t h e  product gas  of 15 volume percent. 
b a l l  park estimate of t h e  s u l f u r  p r i c e  necessary t o  r e a l i z e  a p r o f i t  from i t s  
recovery i n  an MHD p l a n t  is  given i n  t a b l e  1. 

A 

TABLE 1 
Summary of u n i t  cost /day which includes taxes and p r o f i t  

and i s  based on a 365 day year  

P e l l e t i z i n g  -__-_-_--____---__------  383 (3 t i m e s  t h e  c o s t  of p e l l e t i z i n g  

Seed-slag s u l f u r  removal r e a c t o r  --- 639 (est imated from (5))  
Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . .  1,820 @ $0.40/1,000 SCF 
Claus u n i t  f o r  convert ing HpS t o  S - ?,300 (est imated from a) 

i r o n  ore)  

S e l l i n g  p r i c e  ------- $5,142 

Since the  value of t h e  s u l f u r  produced w i l l  be  $6,83O/day and because t h e  
s u l f u r  recovery system i s  so simple s u l f u r  recovery w i l l  b e . p a r t  of  any c o a l - f i r e d  
MHD-topped power p l a n t  and h igh-su l fur  c o a l s  w i l l  be considered a premium fue l .  

CONCLUSIONS 

S u l f u r  can be economically e l iminated from t h e  e f f l u e n t  gases  of open-cycle 
MIID-topped power p l a n t s  by recovering i t  from t h e  recyc l ing  seed-slag mixture with 
hydrogen. The incorpora t ion  of t h i s  recovery s t e p  is a simple matter i n  t h e  MHD 
power s t a t i o n  because a potassium o r  cesium seeding material, which has  a g r e a t  
a f f i n i t y  f o r  s u l f u r ,  i s  added t o  make t h e  combustion gas  e l e c t r i c a l l y  conduct ive,  
and t h i s  seed must be  recovered and recycled.  Our k i n e t i c  model f o r  t h e  s t r i p p i n g  
of s u l f u r  as hydrogen s u l f i d e  from seed-s lag  mixtures  can be  used t o  design 
r e a c t o r s  f o r  t h i s  purpose. 
absorbent in t h e  a l k a l i z e d  alumina process  f o r  removing s u l f u r  d ioxide  from power 
p l a n t  s t a c k  gases. 

This model a l s o  descr ibes  t h e  regenera t ion  of  t h e  
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RECENT ADVANCES IN EXTINGUISHMENT OF BURNING 
COAL REFUSE BANKS FOR AIR POLLUTION REDUCTION 

Dr. David R. Maneval 
Pennsylvania Department of Mines and Mineral Indus t r ies  

Harrisburg, Pennsylvania 

INTRODUCTION 

TEE BURNING REFUSE BANK P R O W  

A coal  refuse bank is  an accumulation of re jected mater ia l  resu l t ing  from 
the  mining and preparation of coal. 
bonded coal, carbonaceous shale,  pyr i tes  and other  debr i s  from the  mining operations; 
including possibly, paper, grease containers, rags ,  timbers and miscellaneous 
discarded mining supplies and equipment. 
a l so  be a site where indiscriminate t r a sh  and/or garbage from nearby dwell ings 
accumulates which adds to the  poss ib i l i t y  of combustion. 

These banks usual ly  contain rock, coal, 

In some cases, the  refuse bank may 

One of  the  problems important t o  the  heal th  and safe ty  of the  people of 

It is estimated 
the  coal producing areas ,  as well a s  to overa l l  economic deve lopen t  in the 
coal regions, is t h a t  of burning coal  refuse banks or pi les .  
there  a r e  a t  l e a s t  200 of these burning banks i n  Pennsylvania a t  the present time. 
Many of these burning p i l e s  a r e  located i n  a reas  remote from urban developent ,  
however, many are causing air pol lut ion i n  built-up areas.  

For over 300 years, fires i n  accumulations of coal  refuse and stored coa l  
have been and S t i l l  are occurring a s  a r e s u l t  of spontaneous combustion or other  
means of igni t ion.  
pol lut ion and amoke control ,  a t t en t ion  is  focused on the  burning of discarded 
coal  refuse, produced during the  preparation of coal or from se lec t ive  mining 
techniques. 
evll of coal  min ing  regardless  of the  devaluation of adjacent property, and t he  
particulate matter and noxious sulfurous gases which they re lease  i n t o  the  
atmosphere when burning. 

Currently, due t o  s t a t e  and nat ional  regulat ions on a i r  

For many years  these unsightly refuse a reas  were deemed a necessary 

The f a t e  of many of the ear ly  refuse bank6 with respect  t o  spontaneous, 
accidental ,  or del lbera te  combustion is  not known. 
did burn, par t icu lar ly  i n  view of the  inclusion of small coal w i t h  the spoi l  
discharged t o  the  p i l e s .  
t o  spontaneous combustion. It  may be assumed f r o m  the many examples of burned 
out co l l i e ry  spo i l  banks which had been formed during the  f i r s t  half of this 
century that combustion was the  ru le ,  r a the r  than the  exception i n  many of the  
coal  f i e l d s .  

It may be concluded tha t  many 

The large tipple-formed p i l e s  were par t icu lar ly  l i a b l e  

Passage of the  Pennsylvania Air Pollut ion Act required the  m e r  of a mine 
to employ all prac t i ca l  means to  prevent the  igq i t i on  of the  refuse disposal 
from the  mine and t o  prevent or minimize the  emission of smoke and fumes from 
the  refuse. An important exception was t h a t  the  l i a b i l i t y  did not extend to 
deposita of refuse made before the  passage of the  A c t ,  which a t  the time, were 
no longer in use and which were not  under the  cont ro l  of the  mine owner. 



28 

In Pennsylvania p r io r  t o  1963, the  Department of Mines and-Mineral 
Indus t r ies  was not authorized by law, nor did it have the  funds t o  a t tack  
burning bank f i r e s .  A few b r i e f  e f f o r t s  had been made a t  extinguishment 
i n  the  pas t ,  using the Governor’s Emergency Fund o r  C iv i l  Defense Funds. 
I n  1963, l eg i s l a t ion  was passed which authorized funds t o  begin extinguishment 
of these bank f i r e s .  During 1964, two fires were extinguished with funds 
provided by the S ta t e  Legislature.  
p ro jec ts ,  varied techniques have been attempted i n  an e f f o r t  t o  seek more 
e f f i c i e n t  and l e s s  costly methods t o  extinguish burning refuse banks. 

Through research and demonstration 

A s  f a r  as ex is t ing  non burning abandoned refuse banks are concerned, 
a continuous surveil lance or pa t ro l  system is required, i n  order t o  promptly 
i n i t i a t e  abatement work a s  soon as a f i r e  occupies a portion of a bank. 

OCCURRENCE AND CAUSES 

A 1963 survey conducted by the  U.S. Bureau of Mines indicated t h a t  there 
a re  more than 495 refuse p i l e s  on f i re  i n  the  United States.  
which i s  approximately s i x  years  old,  i s  of necessity,  inaccurate a t  the  
present time because new fires a r e  constantly s t a r t i n g  and through government 
and pr iva te  e f fo r t s ,  f ires a r e  being extinguished and some p i l e s  a r e  burned 
out. 

T h i s  report  

The main cause of t hese  d i f f i c u l t i e s ,  apa r t  from the  high carbonaceous 
content of p i les ,  i s  sa id  t o  be the  t i p p l e r  form of p i l e  construction. This 
form of construction encourages the  segregation of the l a rge r  pieces of spo i l  
t o  t he  toe  of the p i l e  which allows the  easy passage of air in to  the  center. 
The r i s i n g  bedding planes and t h e  lack of consolidation allow i n t e r n a l  con- 
vection currents t o  flow and the s teep  faces encourage penetration by the  wind. 
The s teep  faces  increase the  d i f f i c u l t i e s  of cont ro l l ing  any combustion which 
s t a r t s  i n  par t icu lar ,  it i s  almost impossible t o  blanket the  faces  of these 
p i l e s  with clays, e tc .  

A t  t he  present time, approximately 25% of the  run-of-mine coal repor t s  
t o  the  refuse disposal area.  
reaches ign i t ion  temperatures readi ly .  
many d i f f e ren t  degrees from smoldering t o  ac t ive  burning. 
have a marked influence on t h i s  burning. 
although t h i s  i s  no t  v i s i b l e  under warm, c l e a r  conditions. 
atmospheric conditions produce excessive vapor and smoke and together with 
the obnoxious gases high i n  hydrogen su l f ide  and sulfur dioxide produce an 
a i r  po l lu t ion  problem i n  the  immediate v i c in i ty  and down wind from the  refuse 
p i l e s .  

Coal refuse mater ia l ,  when stockpiled a t  random, 
The r e su l t i ng  combustion occurs i n  

Heat i s  l ibera ted  continuously, 
Atmospheric conditions 

Cool, damp 

Modern coal mining p rac t i ces  and coa l  cleaning f a c i l i t i e s  increased the 
proportion of waste handled. 
and bituminous mines today a r e  no t  s e l ec t ive  and m i n e  a considerable amount 
of rock and other non carbonaceous mater ia l  which r epor t s  t o  the  re fuse  p i l e  
a f t e r  having passed through the  preparation plant.  

Mechanical mining machines used  i n  most an thrac i te  

Igni t ion  of a refuse bank can be i n i t i a t e d  i n  severa l  ways. 
U.S. Bureau of Mines repor t  ou t l i nes  the  following possible sources of 
combustion: 

A recent 
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1. ,Spontaneous ignit ion: 
a. 

b. 

Suf f ic ien t  air must en ter  t h e  refuse dump t o  oxidize 
the coal and other combustible materials.  
Air must be in su f f i c i en t  i n  quantity to  car ry  away the 
heat generated during the oxidation, thus permitting the  
heat t o  accumulate. 

4 

2. 

3. Forest  fires. 

4 .  Camp f i r e s  l e f t  burning. 

5. 

Careless burning of t r a sh  on or near the  bank. 

In ten t iona l  ign i t ion  t o  c rea te  residue which may be used f o r  
road base materials.  

BASES OF EXTINGUISHMENT METHODS 

Coal and the  carbonaceous minerals which form the  major component of 
most refuse begin t o  oxidize as soon as they a r e  exposed t o  the  atmosphere 
i n  the  course of mining. 
heat evolved will be dissipated,  but when l a rge  masses such as banks a r e  
exposed t o  the atmosphere, thermal chain reactions may develop and ac t ive  
combustion may appear. 

When small quan t i t i e s  of refuse are involved, the 

Any attempt a t  extinguishing a burning re fuse  bank and the elimination 
of resu l t ing  a i r  pollution, must be based on the  usua l  time honored extinguishment 
theories.  The usual components of any combustion process must be eliminated 
through one technique or another. 
material i n  such a way t h a t  no ign i t ion  is possible. 
re-cleaned i n  order t o  eliminate the f u e l  and lower the  poss ib i l i t y  of combustion. 
Cooling processes may be applied t o  lower t h e  kindling temperature below the 
threshold f o r  ignit ion.  
coa ls  range from 327O t o  420°C. 
an thrac i te  range from 4500 t o  51OoC. 
an thrac i te  have been found t o  i g n i t e  a t  4170C. 
operations, including powder boxes and timber vi11 ignite a t  temperatures as 
low as 219OC. 
with one of the  three  key ingredients of combustion - removal of oxygen, lowering 
of kindling temperature, or removal of fue l .  

Air may be kept avay from the  carbonaceous 
A re fuse  bank may be 

The ign i t ion  temperatures of Pennsylvania bituminous 
The ign i t ion  temperatures of Pennsylvania 

Pyr i te  and s l a t e  mixtures found i n  
Waste materials from mining 

Most e f f o r t s  aimed a t  extinguishing refuse bank f i r e s  have d e a l t  

\ 

/I 
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1 
i 
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PREVIOUS WORK 

ReFUSE BANK EXTINGUISHMENT 

During the period October 1, 1949 t o  May 31, 1951, a research pro jec t  on 
mine refuse f i r e s  uae conducted by the  s t a f f  of t he  Department of Mineral 
Repara t ion  a t  the  Pennsylvania S ta t e  University under the  d i rec t ion  of Dr. 
H. B. Chambury. 
of Mines and Mineral Industries,  the Central Pennsylvania Coal Producers 
Ageociation, and t h e  Western Pennsylvania Coal Operators Association. The 
reeearch was concerned v i t h  an inves t iga t ion  t o  cont ro l  m i n e  refuse f i r e s .  
350 coal companies vere  contacted regarding the  problem and da ta  were obtained 
on over 800 p i l e s .  A t  only 81 of t he  loca t ions  were spec ia l  e f f o r t s  being 
made t o  p i l e  the  refuse to  minimize possible ignit ion.  These methods included 

The pro jec t  vas sponsored jo in t ly  by the  Pennsylvania Department 

Over 



l ayer  p i l ing ,  layer  p i l i n g  wi th  clay,  seal ing the  p i l e  with clay and fly ash, 
digging out  and backf i l l ing ,  and using trenches f o r  storage. 
were being made t o  ext inguish burning p i les .  These included the  use of water 
and the  use of bulldozers t o  i s o l a t e  the burning section. 
methods w a s  en t i re ly  successful .  

Some e f f o r t s  

Neither of these 

Many methods such as flooding, blanketing, s lur ry  in jec t ion ,  compacting, 
loading out ,  and seal ing have been attempted i n  t h e  past  t o  control  bank f i r e s .  
A review of the  per t inent  l i t e r a t u r e  regarding spontaneous combustion, refuse 
bank extinguishment e f f o r t s ,  coa l  - refuse storage,  and re la ted  topics  w i l l  be 
found i n  t h e  attached bibliography (Appendix A ) .  

/ 

RECENT WORK b 
Work has been conducted with funds made avai lable  by the Legislature of 

i t h e  Commonwealth of Pennsylvania and i n  cer ta in  instances,  matched with Federal 
funds from t h e  National Air Pollut ion Control Administration of t h e  U.S. 
Department of Health, Education and Welfare. 
devoted t o  f inding newer and more prac t ica l  methods of extinguishing burning 
refuse banks. I n  each of t h e  various extinguishment techniques, the overal l  
program followed the procedure outlined below: 

Demonstration pro jec ts  have been 

1. I n i t i a l  engineering and planning of t h e  work and 
invest igat ing poss ib le  problems and solut ions.  

Arrangements with qual i f ied contract ing firms t o  
do t h e  physical  work. 

2 .  

I 

3.  Actual performance of t h e  prescribed extinguishment 
program by the  contract ing f i rm with on the  job 
consultation and survei l lance by representat ives  
of t h e  Pennsylvania Department of Mines and Mineral 
Industries.  

Evaluation of t h e  extinguishment pro jec t  by the 
project  cont rac tor  and departmental s t a f f  i n  order 
t o  evaluate the  extinguishment technique. 

4 .  

In  most cases, t h e  subjec t  bank was chosen on the  bas i s  of f inding areas  
where a demonstration p r o j e c t  would serve t h e  dual purpose of demonstrating and 

was creat ing a nuisance i n  a nearby community. 
located i n  both t h e  Pennsylvania Anthracite and Bituminous f i e l d s .  
i n  each case was under obl iga t ion  t o  secure the  necessary permits from t h e  
S t a t e  regulatory agency, ( t h e  A i r  Pol lut ion Commission of the  Pennsylvania 
Department of Health), and any required easements from pr iva te  property owners. 

evalut ing a new o r  modified technique and concurrently abat ing pol lut ion which / I  

Such refuse bank f i res  were 
The contractor 

In  many of the democstration projects ,  the  approach taken was suggested 
by the  Department's representat ive.  
p ro jec t  was based on a plan or procedure presented t o  t h e  Department by an 
engineering and/or contract ing firm. 
following pages. 

However, i n  a few cases,  the  demonstration 

The methods explored a r e  l i s t e d  on t h e  
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Accelerated Combustion and Quenching: A research pro jec t  was conducted 
i n  t h e  anthraci te  region involving the l i f t i n g  of burning refuse mater ia l  by 
a dragl ine and dropping t h e  hot material through an a i r  drop of 50 t o  100 feet  
i n t o  a water f i l l e d  lagoon. I n  t h e  process of dropping the  hot refuse mater ia l  
through the  a i r ,  a considerable amount of combustible material was burned o f f ,  
i n  some cases with a f l a s h  - explosion, while a l lowhg  the  hot material t o  f a l l  
i n t o  a water f i l l e d  lagoon. 
the  quenched material out of t h e  lagoon f l o o r  and placed t h e  extinguished mater ia l  
t o  t h e  r e a r  of the  operating equipment where bulldozers spread the  mater ia l  and 
compacted it i n t o  a t i g h t ,  dense f i l l  material .  
technique appeared t o  successfully eztinguish the  mater ia l  and place it i n  a 
form i n  such a way t h a t  it would not f u r t h e r  igni te .  One shortcoming of the 
above mentioned technique, i s  the  concurrent evolution of par t icu la te  r a t t e r  
during the  a i r  drop of the  burning refuse.  
described above may lend i t se l f  t o  extinguishment of refuse bank f i r e s  i n  areas  
remote from populated areas. 

Following the  water quench, another dragl ine l i f t e d  

The work performed i n  th i s  

It may be possible  t h a t  the  technique 

This technique i s  applicable t o  l a r g e  refuse banks. 

Isolat ion:  If the  bank f i r e  i s  i n  a very ear ly  s tage of combustion, t h e  
burning area may be i so la ted  from t h e  remainder of t h e  burning bank by di tches  
which cut  completely through the  bank t o  the bare s o i l  underlying t h e  bank. 
i so la ted  hot mater ia l  can then be quenched with water or moved t o  a n  a rea  and 
mixed with cold incombustible material .  In some cases, the  t rench or  d i tch  
which i s  so created is  l ined with clay or ear th  t o  minimize t h e  entrace of a i r  
i n t o  t h e  porous bank material .  

The 
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Foam Covering: In  this project ,  a polyurethane foam was applied t o  a 
terraced-contoured refuse bank. The bank was contoured i n t o  a number of equal 
s teps  approximately 50 t o  70 f e e t  high and with a one t o  one slope between t h e  
roadbed and the r i s i n g  slope t o  t h e  next level .  After shaping the p i l e ,  water 
sprays were applied t o  cool  t h e  surface material. 
polyurethane foam was applied t o  a l l  sidewall  and roadbed surfaces.  
temperature has decreased and continues t o  decrease over a period of 18 months 
following t h e  application of the foam cover. 
temperatures caused a charring of the  foam and it was necessary t o  remove and 
rebui ld  a foam coating following a deep water spray and cooling of t h e  local ized 
"hot spot." 
t h a t  are not excessively hot. 
a r e  obvious i n  t h i s  technique and t h i s  includes the possible damage t o  the  
coating surface by chi ldren or vandals and t h a t  a p i l e  extinguished v ia  t h i s  
smothering method w i l l  need constant maintenance u n t i l  the  e n t i r e  p i l e  has 
cooled beyond the kindl ing temperature. In  a subsequent pro jec t ,  based on 
a similar foam covering pr inciple ,  f u r t h e r  work is being done t o  reduce the  
thickness of the foam cover i n  order t o  reduce costs  and addi t iona l  s teps  a r e  
being taken t o  prevent surface degradation by sunl ight  through t h e  use of paints  
applied t o  t h e  foam surface. 
be l a i d  on the  horizontal  t ravel ing surfaces t o  reinforce these  areas. 

Following such cooling, 
The p i l e  

In  cer ta in  areas, excessive 

I t  i s  f e l t  t h a t  this technique lends i t s e l f  t o  small refuse banks 
I t  should be noted t h a t  c e r t a i n  shortcomings 

Fiberglass and/or other  strengthing materials may 
Additionally, 
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surface t r e a t i n g  mater ia l s  w i l l  be applied i n  order t o  reduce surface temperatures 
and provide a firm non-absorptive base f o r  foam application. 

Vermiculite and Sodium Bicarbonate 1n.iectian and Coatinq: This pro jec t  aims 
a t  f i l l i n g  voids and reducing oxygen entry, as well as, sea l ing  the  surface. A 
mixture of vermiculite, sodium bicarbonate, limestone dust and res in ,  has been 
in jec ted  i n t o  and applied on t o  a shaped refuse bank. Some promise i s  shown by 
this method due t o  the  expansion of vermiculite with the application of heat. 
The technique has not been completely evaluated. Preliminary r e su l t s ,  however, 
would ind ica te  tha t  void f i l l i n g  with such mater ia l s  i s  benef ic ia l  f o r  a short  
period of time, bu t  may, i n  f a c t ,  be too cos t ly  t o  j u s t i f y  the end resu l t s .  The 
mater ia l s  used, do not form a t i g h t  s e a l  on the  surface of the  bank which i s  
su f f i c i en t  t o  exclude oxygen from the  i n t e r i o r  of t h e  bank. 
this technique may be done, however addi t iona l  emphasis would be placed on surface 
sea l ing  i n  addition t o  t h e  in j ec t ion  of these materials.  

Further work using 

In jec t ion  of Fine Mineral Matter: Fly ash, coa l  s i l t ,  and rock dust,  have 
been in jec ted  through d r i l l e d  holes i n  the periphery of a burning refuse bank 
i n  order to  f i l l  voids and reduce a i r  intrusion. T h i s  technique appears t o  be 
r e l a t ive ly  successful, bu t  again, the process of void f i l l i n g  must be followed 
by adequate surface treatment i n  order t o  prevent erosion and g u l l y  formation on 
the  re fuse  bank surface. Heavy r a i n  may often lead t o  the  wash-out of t h e  injected 
f i n e s  and the  renewed porosity and oxidation problems along the  s ides  of the eroded 
gully. The ava i l ab i l i t y  of such mineral materials adjacent t o  refuse banks and 
from t h e  f i n e  coal cleaning c i r c u i t s  of a normal preparation plant does o f f e r  
considerable promise t o  t h i s  technique, especially i f  it were coupled with some 
re l a t ive ly  inexpensive surface sea l ing  techniques. 

1 
I 

I 

Mine Drainage Sludge Injection: A project i s  now i n  progress i n  which acid / 

mine drainage containing a high amount of i ron  and calcium salts is neutralized 
and the  r e su l t i ng  i r o n  hydroxide and gypsum sludge i s  in jec ted  i n t o  the  burning 
refuse bank. The sludge of i r o n  hyroxide and gypsum mixture forms a t i g h t  
impermeable cake or c r u s t  on t h e  p i l e  and appears t o  merit fu r the r  cons%deration. 
The small Project which has been i n i t i a t e d  has not been concluded, but Dresent evidence 
would ind ica te  tha t  t he re  i s  considerable merit  i n  t h i s  procedure and is a r e l a t ive ly  
low cos t  d i sposa l  s i te  f o r  the  troublesome treatment p lan t  sludge and could con- 
currently he lp  with re fuse  bank extinguishment e f fo r t s .  

1 
The Use of Anti-Oxidants: The discovery of a cheap reagent which could be r .  

applied t o  refuse t o  r e t a r d  t h e  rate of oxidation of the exposed py r i t e  would be 
an exce l len t  solution t o  t h i s  and several  a l l i e d  problems. 
continued research, the prospects of finding such a reagent i s  s t i l l  going on. 1 Unfortunately despite 

Laboratory experiments wi th  chromates, ph?sphates, and sodium hydroxide were 
reported to  be unsuccessful and a full scale test i n  which l iqu id  ammonia was applied 
t o  abandoned mine re fuse  i n  an attempt t o  control t h e  oxidation of the py r i t e  had 
a l s o  been unsuccessful. 
t o  small coa l  stock p i l e s  did r e t a rd  the  ac id i ty  i n i t i a l l y ,  but a f t e r  s i x  months, 
t he  e f f e c t  disappeared, even though most of t he  limestone had not been consumed. 

re ta rda t ion  of the r a t e  of weathering of py r i t e  a r e  known. 

I 
1 

1 
Tests involving up t o  1 per cent of limestone powder added 4 

1 
I For t h e  time being, it must be concluded t h a t  no spec i f i c  reagents f o r  t he  

1 
However, the use of oxidation inh ib i to r s  i s  being reviewed under a project which 

is continuing i n  Pennsylvania. 
organic anti-oxidants and flame re ta rdants  was evaluated by a chemical company. 
Small prototype p i l e s  or f i r i n g  chambers were constructed by the firm and various 

A candidate group of inexpensive organic and in- 
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concentrations of candidate materials were added i n  the  so l id  and/or solution 
form and the degree of ign i t ion  re ta rda t ion  was measured. 
was found t o  be best  has been applied i n  an aqueous solution t o  a burning refuse 
bank. 
of success a t ta inable  through the above application. 
no treatment was l a i d  out, a 
area was sprayed with water and a surfactant,  and the t e s t  a rea  was sprayed w i t h  
a water solution containing the anti-oxidant. Results to  da te  ind ica te  tha t  t he  
retardant has some des i rab le  properties and the desired e f f e c t  on t h e  p i l e .  
H wever, applications must be a t  a much higher dose r a t e  than or ig ina l ly  anticipated.  

The product which 

Four areas have been l a i d  out on t h i s  bank i n  order t o  e s t ab l i sh  the degree 
A cont ro l  s t r i p  involving 

similar area was sprayed w i t h  only water, another 

Saturation Through Serpentine Canals: A r e f t s e  bank located i n  the  an thrac i te  
f i e l d  was covered w i t h  an array of interconnected serpentine canals or troughs, i n  
an order t o  allow water maximum time t o  percolate through the  p i l e .  
t o  apply water through such a remotely located canal system so t h a t  personnel w i l l  
not be i n  danger by secondary explosions or evolution of clouds of gases and/or 
steam at the point of water and refuse contact. 
was constructed by bulldozers. 
apparatus. 
pumped t o  the highest point i n  the  canal system and allowed t o  flow i n  a "zig zag" 
pa t te rn  down the s ide  of t he  bank. 
was proceeding, other equipnent was preparing another canal system i n  another part 
of the p i le .  
was abandoned. The procedure did not allow su f f i c i en t  percolation of water from 
the surface t o  the area beneath the  supe r f i c i a l  surface c rus t .  Only percolation 
t o  the depth of two t o  th ree  f e e t  was noted. 

It is necessary 

The interconnected array of canals 
The operators were equipped with oxygen breathing 

Following the  construction of the  interconnected canals,  water was 

While t h i s  water treatment and cooling procedure 

After several  months of canal construction and wetting, the technique 

PondinP Techniaue: A se r i e s  of adjoining lagoons was constructed on the top 
of a r e l a t ive ly  f l a t  refuse p i l e  which had been b u i l t  across a va l ley  bottom. 
Retaining walls were constructed around the  perimeter of the re fuse  bank area,  
subdividing the surface i n t o  a s e r i e s  of l eve l  d i sc re t e  areas or "r ice  paddys." 
Upon construction and i n  sequence, water was admitted through a s e r i e s  of canals 
i n t o  the  f l a t  impoundment areas. 
evident. 
extending t o  a period of severa l  weeks. 
explosions have been known t o  occur when a la rge  quantity of water was rushed onto 
the  f i r e  area. 
and experimental cu t s  were made i n t o  t h e  lagoon floor.  
found even a f t e r  several  weeks of standing under several  f e e t  of water, penetration 
of the  water i n to  the  refuse mater ia l  was only two t o  three  f e e t  and temperatures 
i n  excess of 400° were found only several  yards beneath the  water. 
this procedure has been continued and i n  s p i t e  of the necessity t o  continue t o  
maintain a water cap on such ponded areas f o r  an extended period of time, the  
technique is considered t o  be of r e l a t ive ly  low cost per un i t  re fuse  extinguished. 

Evolutions of vapors and steam were immediately 
Pools of water were retained on the  top  of such flooded areas  f o r  periods 

Flooding may be hazardous inasmuch a s  

After severa l  weeks of soaking, an area would be allowed t o  dra in  
In  some cases, it was 

Work following 

Coolina and Dilution: T h i s  method involves the preliminary cooling of t h e  
refuse p i l e  by remote application of a water spray from mul t ip le  nozzlds. The 
cooled refuse is then mixed i n  a one t o  one volume proportion with s o i l  and/or 
burned out coa l  refuse from a nearby borrow area. 
warm, damp coal refuse and the i n e r t  material  is carried out by the  bulldozer 
operator. 
compacted by heavy equipment. 
and su f f i c i en t  land is available,  the above technique appears t o  be most promising 
and one of t he  l e a s t  costly on a cos t  p e r  cubic yard extinguished bas is .  

The mixing of extinguished but 

The material  is then l a i d  down i n  a new portion of t he  t r a c t  and 
Where cooling and d i lu t ing  mater ia l  i s  ava i lab le  
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BlanketinP With Clay and Cement Waste: A bank was covered wi-th a mantle of 
c lay along a l l  sidewalls following conventional prac t ice  which has been performed 
many times with mixed success by the  coal industry. 
complete c lay covering of a refuse bank of ten leads t o  the  formation of a "baked" 
clay s e a l  which i n  due course, crabks and allows the  re-entry of air and the re- 
f i r i n g  of the  cooling re fuse  bank.) 
Department of Mines, s idewalls  of the  refuse bank were covered with clay and the  
clay was compacted. 
of cement kiln waste dust .  
cement i s  a waste product from the  nearby cement industry. 
delivered by tank t ruck and placed on the  f l a t  top  surface of the  refuse bank. 
The surface of t h e  cement dus t  l ayer  was sprayed i n  order t o  form a c rus t  t o  the  
depth of one to two inches. 
f i l t e r s  down i n t o  cracks and fissures i n  t h e  bank as they may occur. 
technique appears t o  be successful  and may be appl icable  t o  small p i l e s  t ha t  a r e  
adjacent t o  or near the  cement industry. 

(Eher ience  has shown tha t  

I n  the technique attempted by the Pennsylvania 

The open top  was covered with a layer  of two t o  th ree  f e e t  
Th i s .dus t  which contains a ce r t a in  amount of portland 

The mater ia l  was 

The dust  beneath the  surface c m s t  remains f lu id  and 
T h i s  

Blanketing - Quarry Wastes: T h i s  technique involves shaping of a refuse p i l e  
followed by the  appl icat ion of minus 1/2"limestone quarry wastes t o  the  top and 
s ides  as a sea lan t  and t h e  revegetat ion of t h e  p i l e  by hydroseeding. 
of t he  p i l e  followed by the  limestone covering of t he  s ides  and top  appears t o  be 
r a the r  successful. The evolut ion of carbon dioxide a t  t he  site of any h3t spots 
may be useful i n  extinguishing the  f i re  i n  t h e  bank. The use of quarrg wastes 
again ca r r i e s  the  dual bene f i t  of f inding a usefu l  o u t l e t  f o r  this mining wastes 
mater ia l ,  concurrent with the  blanketing and f i re  extinguishment purpose. Any 
run-off ,  following prec ip i ta t ion ,  from such a quarry waste covered bank would be 
of an a lka l ine  nature. 
has been done on the s idewalls  of such a t rea ted  bank and a subs tan t ia l  stand of 

The compaction 

Due t o  the  s o i l  charac te r i s t ics ,  an experimental planting 

-grass has establ ished itself on this bank. 

U s e  of Exolosives Followed bv Quenching: Many large refuse banks do not lend 
themselves t o  water quenching due t o  the  previously mentioned f a s t  run-off of water 
which is applied t o  the  surface.  
c l inker  material does not  allow the  penetration of quenching water. 
penetrate  such a p a r t i a l l y  burned bank, the Department of Mines and Mineral Indust ies  
has placed horizontal  boreholes i n t o  the  burning area of t he  bank and placed heat  ' 

insens i t ive  explosives i n t o  t h e  boreholes. The explosives are detonated and the  
broken up material is then quenched with water jets. 
i n  an urban p i l e  with a high degree of technical  success and with reasonable economics. 
T h i s  technique i s  considered t o  be among one of the  be t t e r  procedures f o r  application 
on p i l e s  which had heavy c r u s t s  of p a r t i a l l y  burned out material. 

A surface c rus t  of impenetrable ceramic l i k e  
In  order t o  

T h i s  mater ia l  has been used 

Hsdraulic J e t s :  Pro jec ts  conducted by the  U. S. Bureau of Mines and the  
Pennsylvania Department of Mines have involved the  appl icat ion of "hydraulic giants"  
or high pressure or high ve loc i ty  water cannons s imilar  to those used i n  the  
placer  mining industry. 
mines l a rge r  portions of the  bank as w e l l  as quenching the  bank material. 
quenched mater ia l  w i l l  f a l l  o r  roll i n t o  a lagoon from which it is l i f t e d  by 
draglines. 
the hydraulic jets and compacted by bulldozers. 
is t o  extinguish la rge  volumes of very hot mater ia l s  while a t t a in ing  a high degree 
of safe ty  f o r  operating personnel. 
of the  water jets, there  is a good dea l  of p a r t i c l e  s i ze  reduction and degradation 
which takes  place i n  this mater ia l  handling technique. 

The appl ica t ion  of high veloci ty  streams of water under- 
The 

The quenched mater ia l  is removed from the  lagoon and placed behind 
The e f f e c t  of this technique 

I n  addi t ion t o  the  cooling and quenching ac t ion  

When the  mater ia l  is then 
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relayered and compacted by the dragline - dozer combination, the material 
attains a cement like very dense characteristic'which is considered to be 
virtually incombustible. 

Water Sprays Onlx: The use of water sprays to control combustion in 
refuse piles has been deprecated by some authorities, but is still practiced. 
At best, this method can be considered to be only a temporary expedient for 
temperature and fume control until permanent abatement work can be initiated. 
Work by the U.S. Bureau of Mines recently and the British National Coal Board, 
has shown that once water spraying is discontinued, combustion takes place 
again, often with renewed vigor. 

Run off from refuse banks ie a problem closely related to the fire problem. 
The thermal reactions have no direct effect on the quality of the drainage 
from a bank but the indirect effects may be important. 
generate sufficient heat to evaporate all water precipitated on the bank so 
that no drainage appears. Provided that the heat is sufficient, the sulphur 
acids may be dissipated into the atmosphere as sulphur oxides so that acidic 
contamination of the drainage will not occur, but'if the heat is insufficient, 
the acidic salts may accumulate in the pile and be washed out after the fire 
has subsided. 
all the precipitation while the fire is burning, the drainage will have a 
higher than average risk of becoming acidic due to the enhanced oxidation of 
pyrite at the elevated temperatures. 
fire would probably increase the volume of drainage without any corresponding 
decrease in the degree of contamination. 

Active combustion may 

On the other hand, if the heat is insufficient to evaporate 

Water applied to a pile to suppress a 

CONCLUSION 

The work involved in the various projects which have been initiated by 
the Pennsylvania Department of Mines and Mineral Industries requires the 
application of tried and proven techniques in combination with unproven 
theoretical applications of engineering and technology. 
project must be technically feasible and economically practical. 
ment project can not be conducted in such a manner that the emission of dust 
and fumes create an unwarranted nuisance in the immediate area and in the 
downwlnd,inhabited areas. 
ment operation not only creates atmospheric conditions unfavorable for the 
residents of the area who are in the downwind direction, but make the operation 
exceedingly difficult for contractors' employees. 

The extinguishment 
The extinguish- 

The creation of such dust and fumes by the extinguish- 

Because of the varied shapes, sizes, and elevations of different banks, 
various methods of movement and materials handling must be explored and tailored 
to the conditions at any given bank. 
project site, also plays an important role in choosing the particular method 
which can be applied to a bank. Other facts which are of importance include 
the size of tract and the proximity of homes to the fire area. 
of inert or diluting solid material either in the form of an earth borrow pit, 
or completely burned out refuse, also must be taken into consideration in 
choosing the method to be applied. 
course, more readily accomplished and less expensive than large banks. 

The availability or lack of water at the 

The availability 

The extinguishment of small banks isj of 
In 
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addition, techniques which are applicable to large banks do not'always work 
equally well with small banks. For example, it is obvious that the use of 
a hydraulic jet is not warranted in a pile of only'several hundred cubic yards 
of material. 
multi-million ton refuse bank. 

Conversely, foam covering could not readily be applied to a 

It should be added that following extinguishment, maintenance is required 
to protect the private ox public investment in the abatement project and to 
minimize the liklihood of any re-ignition. 
material, after having been cooled with water and rehandled and recompacted, 
becomes a stable, hard surfaced material which produces no dust or  fumes and 
should be relatively immune to any rekindling. 
and regularly inspected in order that hot spots which might develop could be 
spotted at once and removed and/or filled with an inert material such as 
clay or earth. Erosion to surface areas must be prevented as gullying allows 
air entry into the extinguished bank which might rekindle the fire. 
extinguishment, good insurance against further combustion is to deposit a 
clay and earth layer on the extinguished bank. The earth material should 
then be seeded with grass in order to minimize erosion and to consolidate 
the surface and prevent loss of the protected cover. The earth seal covered 
with a vegetated growth, while it does not reduce the necessity for maintenance, 
will reduce the maintenance to a minimum and provides protection against re- 
ignition and also prevents a more aesthetically appealing view for the community. 

It is known that extinguished 

Refuse areas should be maintained 

Following 

It should be noted, that virtually all reports indicate that a technique 
that is successful on one bank, may not be successful on another bank. 
bank represents an individual problem. 
other organization who wishes to extinguish a fire, must find a technique which 
can be tailored to the situation at the given bank. 
that extinguishment may take years, but control is possible to the extent that 
the fume problem is reduced by gradual steps. 

Each 
The engineer, government agency or 

It should also be noted 

Although several successful bank extinguishment techniques are presently 
at hand, we anticipate that continued work in this area will provide worthwhile 
data and may lead to better and more economical methods for the control of this . 
vexing problem. 
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A Study of I n e r t  G a s  Atmospheres on t h e  Oxidation of Coal Mine P y r i t e s  

W i l l i a m  E. Bell & E. Dennis Escher 

Cyrus Wm. R i c e  and Company, P i t t sburgh ,  Pa. 15205 

The production of i r o n  sa l t s  and s u l f u r i c  acid by the oxidat ion of 
p y r i t i c  material i n  c o a l  mines i s  a s u b s t a n t i a l  source of  water pol lu-  
t ion.  These compounds are genera l ly  bel ieved t o  be t h e  r e s u l t  of t h e  
chemical reac t ion  

2 Fe S2 + 7 0 2  + 2H20-+2FeS04 + 2H2SO4 

One means of c o n t r o l l i n g  t h e  rate of t h i s  reac t ion  is to  c o n t r o l  t he  
amount of oxygen i n  the atmos here  surrounding t h e  y r i t e .  Investiga- 
tors a t  Ohio S t a t e  Universityf and Mellon I n s t i t u t e 4 r 3  have discussed 
the e f f e c t  of l i m i t i n g  t h e  oxygen concentrat ion i n  such atmospheres. 
This paper descr ibes  t h e  r e s u l t s  of experiments i n  which p y r i t e  i s  
exposed to  various gaseous atmospheres, i n  t h e  presence of water. 

The p y r i t e  used w a s  ob ta ined  from coal crusher  reject material and was 
l a r g e l y  taken from s t r i p  mining sites i n  t he  C l e a r f i e l d ,  Pennsylvania 
area. It was crushed from 6-8" lumps t o  less than 1" diameter,  and 
loaded i n t o  s i x  i n s u l a t e d  c y l i n d r i c a l  columns, 6 '  x 4 "  I . D .  Approxi- 
mately 40-45 lbs. of  p y r i t e  w e r e  used per column. 

Demineralized water  a t  a cons tan t  temperature of 56'F en tered  t h e  top  
of each column, t r i c k l e d  over t h e  p y r i t e  bed, and was removed from the  
bottom. I n  a s i m i l a r  manner, t h e  gases  w e r e  i n j e c t e d  i n t o  t h e  t o p  of 
each column and e x i t e d  f r o m  t h e  bottcnn. Each column was operated 
s e p a r a t e l y ,  with no in te rconnec t ions .  

TABLE 1 

PYRITE ANALYSIS 

Total  Fe 40% 
T o t a l  S 4 4 %  
L o s s  on I g n i t i o n  13% 
T o t a l  A 1  < 1  
Total  C a  < 1  
Tota l  Mg (1 

The results of t h e  fol lowing gas systems are presented: 

TABLE 2 

COLUMN ATMOSPHERES 

A i r  
Nitrogen 
Nitrogen/Carbon Dioxide 

Shumate, K. S., and Smith, E. E., 2nd Symposium on C o a l  Mine Drainage 
Research, Mellon I n s t i t u t e ,  May, 1968. 
Braley,  S. A., Summary Report of Commonwealth of Pa. (Dept. of Health) 
Mellon I n s t i t u t e  Fellowship No. 326B, February, 1964. 

3 Personal  Communication, R. A. B a k e r ,  September, 1968. 
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Column 1 - This column w a s  loaded with 4 3  Us. of p y r i t e  having an 
average diameter of 3/8". After  loading, the column was backwashed 
t w i c e  wi th  demineralized water t o  f l u s h  so lub le  sal ts  which had formed 
on t h e  su r face  of t h e  p y r i t e .  

A i r  (40 cc/min) and demineralized water ( 1 2  cc/min) were percolated 
through the column continuously f o r  seven days. 
sporadic ,  as measured by frequent  grab samples from t h e  column e f f l u -  
en t .  I t  w a s  surmised t h a t  the a i r ,  w a t e r  and p y r i t e  contact  time w a s  
t oo  s h o r t  and the re fo re  t h e  procedure w a s  changed t o  ope ra t e  t h e  
column from 9 AM to 5 PM on Mondays through Fridays. The column w a s  
s ea l ed  a t  a l l  o t h e r  t i m e s  with no water o r  a i r  flow. This procedure 
produced a more or less s teady production of a c i d i c  i r o n  sal ts  i n  t h e  
e f f l u e n t ,  and w a s  used as the method f o r  operat ing t h e  o t h e r  columns. 

A f t e r  operat ing f o r  twenty days under t h e  modified a l t e r n a t e  flow pro- 
cedure, t h i s  column's gas atmosphere w a s  abrupt ly  switched from a i r  t o  
ni t rogen,  and w a s  operated i n  a s i m i l a r  manner f o r  t h i r t y  days. During 
each operat ing day, two grab samples and a d a i l y  composite sample w e r e  
taken. This a n a l y t i c a l  d a t a  is p l o t t e d  i n  Figures 1 and 2. 

Column 2 - This column w a s  loaded with t h e  same s i z e  f r e s h  p y r i t e  as 
column 1, backwashed t w i c e  and then operated by t r i c k l i n g  water from 
t h e  top  of the column t o  i t s  bottom under a ni t rogen atmosphere during 
eight-hour weekdays f o r  a per iod of twenty days. G r a b  and composite 
samples w e r e  c o l l e c t e d  f o r  a n a l y s i s  da i ly .  

Af t e r  twenty days, t h e  ni t rogen flow w a s  discontinued and a i r  subs t i -  
tuted.  
mination of t he  experiment. The a n a l y t i c a l  d a t a  are p l o t t e d  i n  
Figures 3 and 4. 

Column 3 - w a s  loaded with f r e s h  3/4" O.D. p y r i t e ,  backwashed t w i c e  
and exposed to a mixture of 90% v/v n i t rogen  and 10% V/v  carbon diox- 
ide ,  with the same water flow as before.  This environment w a s  main- 
t a ined  f o r  f i f t y  days u n t i l  t h e  experiment terminated. The a n a l y t i c a l  
d a t a  are p l o t t e d  i n  Figures 5 and 6 .  

Column 4A - w a s  loaded with f r e s h  1/4" O.D. p y r i t e ,  backwashed t w i c e  
and then exposed t o  a water/nitrogen atmosphere f o r  t h i r t y  days the 
experiment terminated. The a n a l y t i c a l  d a t a  are p l o t t e d  i n  Figures 7 
and 8.  

Column SA - was operated exac t ly  t h e  same as column 4A, except a i r  
w a s  used in s t ead  of pure ni t rogen.  
Figures 9 and 10. 

Acid production w a s  

The air /water  system operated f o r  t h i r t y  days u n t i l  t h e  ter- 

The a n a l y t i c a l  d a t a  are p l o t t e d  i n  

During t h e  column experiments with t h e  p y r i t e  under study, two s i g n i f -  
i c a n t  events  common t o  a l l  of t h e  columns occurred. 

a) An air  leak was discovered sometime between t h e  10th and 11th 
of October, i n  a l l  columns. The e f f e c t s  of this leak w e r e  immediately 
noted i n  p l o t t i n g  t h e  grab sample a n a l y t i c a l  r e s u l t s ,  although the 
s ign i f i cance  i s  masked i n  observing the  da t a  p l o t t e d  f o r  columns 2 
and SA, which were being operated i n  an air/water atmosphere. 

Circumstances prevented t ak ing  t h e  scheduled grab samples 
during t h e  period of October 11th and October 21s t ,  al though the  
collrmhs were i n  operation. Therefore,  t h e  point-to-point p l o t  as 

b) 



4+ 
shown i n  t h e  f igu res  i s  poss ib ly  a d i s t o r t e d  view of the  o v e r a l l  re- 
ac t ions  of t h e  p y r i t e  i n  each column. 

DISCUSS ION 

The d a t a  obtained, as seen i n  the  p l o t t e d  f igu res  (Figures 1 - 1 0 ) ,  shows 
the d e f i n i t e  t rend  f o r  and rate of production of a c i d i c  salts  t o  be 
markedly reduced when the  atmosphere d id  no t  contain oxygen. Examina- 
t i o n  of the p l o t s  f o r  columns 1-4 are  p a r t i c u l a r l y  i n t e r e s t i n g ,  s ince  
t h e  atmospheres i n  con tac t  with the  p y r i t e  were switched t o  or from 
ni t rogen  and a i r .  The p y r i t e  response i n  each case w a s  almost immed- 
i a t e  when the atmosphere w a s  reversed; t he  r a t e  of acidic i r o n  s a l t  
production decreasing when an oxygen-f r ee  atmosphere was used. 

I t  is a l s o  of  i n t e r e s t  t o  note  t h a t  t he  genera l  shape of the  curves 
p l o t t e d  f o r  t o t a l  a c i d i t y ,  conduct ivi ty  and i r o n  content  a r e  t h e  same. 

None of t h e  columns, when operated i n  an a i r  f r e e  atmosphere completely 
ceased production of a c i d i c  i ron  s a l t s .  This could be due t o  small ,  
undetected air  leaks ,  o r  t h e  more l i k e l y  p o s s i b i l i t y  t h a t  t he  reac t ions  
tak ing  p lace  had n o t  reached a s teady s t a t e .  

Columns 4A and 5A represent  ni t rogen and a i r  systems respec t ive ly ,  
using smaller p ieces  of p y r i t e  than used i n  columns 1 and 2 .  The in-  
creased sur face  area reduced t h e  t i m e  f o r  s teady state condi t ions t o  
be reached. Columns operated i n  n i t rogen  (4A and t h e  l a t t e r  30 days 
of column 1) showed a s t e e p e r  downward s loping  curve f o r  i ron ,  a c i d i t y  
and conduct ivi ty  when t h e  smal le r  s i zed  p y r i t e  was used. The converse 
w a s  t r u e  f o r  the columns operated i n  a i r  (column SA and t h e  lat ter 30 
days of column 2 )  I 

"The research upon which this publ ica t ion  is  based w a s  performed 
pursuant  to  Contract No. 14-12-404, wi th  t h e  Federal  Water 
Po l lu t ion  Control Administration, Department of t h e  I n t e r i o r . "  
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A Model for Pyritic Systems 

K .  S. Shumate, E. E. Smith, and R .  A .  Brant 
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The Ohio State University, Columbus, Ohio and 
The Ohio River Valley Water Sanitation Commission, Cincinnati, Ohio 

Introduction 
The formation of acid mine drainage has been a subject of intense study for 

many years ,  and there  have been extensive attempts to secure abatement in 
particular instances by such practices as mine sealing, establishing cover on 
spoil banks, and drainage control. It i s  becoming increasingly evident, however, 
that much of the consideration given to acid mine drainage formation and abate- 
ment has been taken out of context. In many instances, the problem has either 
been oversimplified, o r  assumed to  be too complex to  be handled by other 
than gross  empirical approaches. This  has resulted in difficulty in defining 
the r a t e  controlling factors in specific mine drainage situations, and in both 
lack of communication and the accumulation of conflicting data. A s  a resul t ,  
there  appears to  be a widespread element of doubt concerning the general 
feasibility of abatement of mine drainage pollution a t  the source,  as a n  alternative 
to treatment. It may be that effective at-source abatement will be applicable to 
only a minor fraction of existing and future points of acid generation. It i s  just as 
likely, however, that through a more thorough understanding of pyritic systems: 
economical abatement procedures can be developed which will eliminate the 
necessity of an interminable treatment program in the majority of cases .  
it will provide a basis  for  more  effective planning of mining operations with 
respect to optimizing abatement a t  the source. 

The authors do not feel that the questions concerning a t s o u r c e  abatement 
versus  drainage treatment can be answered on the basis  of existing information. 
We strongly contend, however, that the time and expense required t o  a r r ive  a t  
these answers can be greatly reduced if the individuals, disciplines, and agencies 
associated with and/or dependent on mine drainage research  and demonstration 
efforts can achieve a common basis  for intensive and critical discussion. It is 
apparent that there  are a host of widely held concepts concerning the nature of 
pyritic systems which differ primarily in emphasis on one or another aspect of the 
system. W e  have al l  experienced the frustration of argumentive discussions 
culminating in the realization that both parties were essentially in agreement 
from the first,  o r  worse, in the realization that effective communication was not 
established at all. 

' The purpose of  this paper i s  to present a model for the conceptualization of 
pyrftic systems. 
work commonly used in chemical engineering systcms,  and is  neither new nor 

Further ,  

The model draws principally on the type of descriptive frame- 

* The term pyritic systcms,  a s  used i n  this paper, refers to  the occurrence of 
pyrite in  field situations; e.g. ; gob piles, s t r ip  pits, spoil banks, and under- 
ground mines. 
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controversial. Rather, it is merely a rcstatcment, in  the context of pyritic 
systems,  of the fundamental principles which clescril)c virtually any reaction 
system. The niotlel is intended to identify and provitlc :L framen.ork for 
integration of the nunicrous factors  which determine the ra te  of acid release 
from any type of pyritic system associated with mining activity. It i s  hoped 
that this model will spark a n  increased level of critical discussion among those 
persons associated with acid mine drainage. 

Rate versus  Equilibrium and Rate Process  Interdependencies 
The acid mine drainage problem i s  essentially a ra tc  problem, in which we 

are concerned ultimately with the rate  a t  which products of pyrite oxidation 
(especially H + ,  iron (Fe++ and Fe+++ ), and SO4 = )  are released to receiving 
waters .  ~ Although thermodynamic considerations define the reactions which 
can occur in a given system, they do not define the ra tes  a t  which they will 
proceed. Analysis of the rate of pollutant production requires  the f u r t h e r  
tlelineation of the rate  processes ,  which include:(a) r a t e  of transport of reactants 
10 the points of reaction, (b) ra te  of the reactions themselves, o r  reaction kinetics 
and (c) ra te  of transport of the products away from the points of reaction. Pyritic 
systems fall in the category of heterogeneous reaction systems,  since the over-  
a l l  reactions involve gas ,  liquid, and solid phases. In any heterogeneous system 
there  is ,  in general, a definite interdependency hetween the various ra te  processes. 
Often, one of the ra te  processes  will he a ra te  limiting s tep in the overall 
sequence, and control of this specific r a t e  process  represents  a potentially 
cff'icient means of controlling the ra te  of production of the system. The inter- 
dependency of ra te  processes  will be discussed in more detail below. 

Rate Processes  in Pyritic Systems 

minerals  has often- heen described hy the following equations: 
The oxidation of pyritic materials associated with coal and other mined 

+ 

F C & ( ~ )  . 3 1/2 0, . H,O- Fe+* 2S04 . +2H . . . . .  .(I) 

Fe++ + 1/40 ,  + H +  Fe+++ . 1 / 2 H z 0  . . . . . . . .  .(2)  

Fcf++ + 3 H 2 0  - Fe(OH), 4 . 3H+.  . . . . . . . . .  (3) 
A s  these a r e  familiar to  a l l  involved in acid mine drainage work, it i s  convenient 
to  outline the model in relation to  these equations. It must be remembered that 
thcsc :ire gross stochiomctric equations, and although they indicate initial reactants 
and final products, they in no way indicate either thc mechanisms of reaction o r  
intermcdiate products which may he formed, but which may cancel out of the over- 
all equations. 
they tlcfinc the locations within a given system wherc the indicated reactions take 
place. 
trritten may i n  itself hc :i factor in the tendency toward oversimplification in t h e  
analysis of pyritic oxidation systems. 

It i s  significant that they do not define reaction kinetics, nor do 

I t  is likely that the simplicity of these reactions a s  thcy are popularly 

Referring initially to cquation ( l ) ,  we might rewri te  this equation as: 
FcSZ(,) . clcctron acceptor - Fe++ . 2Sss+ recluced . . . . .  .(4) 

electron acceptor 

i 
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* 
This  oxidation-reduction reaction provides for the oxidation of FeS2(s) , but docs 
not imply that 0, i s  a necessary electron acceptor o r  oxidizing agent. For  example, 
it has been widely dcinonstrated that Few+ can he the oxidizing agent, in which 
c a s e  we could rewri te  this oxidation reaction as : 

FeS,(,) + 14Fe+++ + 8H,O -15Fe++ + 2S0,' + 16H+ . . .(5) 

The 14 Fe+++ ions in equation (5) would have to come from t h e  oxidation of Fe++ 
iron formed by the prcvious oxidation of Fe&( ). 
provide t h e  required 1 4  Fe+++ ion gives: 

Rcwriting equation (2) to  
S 

14Fef+ + 3 1/20, + 14H' 14Fe+++ + 7H,O. . . . . . .(6) 

Adding equations (5) and (6) gives: 
FeS&) + 3 1/20, + H,O - Fe+++ 2S04= + 2H+ 

o r  the s a m e  net reaction as given in equation (1).  

the  system, 3 1/2 moles of 0, must be provided, at some point in the system, 
for each mole of FeS2(,) put into solution. That is,oxygen can be regarded 
a s  the ultimate electron acceptor ,  within the context of the above reactions. 
F o r  purposes of simplifying the  presentation in this paper, oxygen will be re- 
garded as taking par t  direct ly  in the oxidation reaction. This  in no way precludes 
the application of the model concept to th-*more complex and potentially very 
important case of pyrite oxidation Lj.1 &&tion with Fe+++ 

(2) and (3) represent the eventual oxidation of Fe ++ to  Fe+++ 
precipitation of Fe(OH)3(s). These  two s teps  may occur within the pyritic system, 
o r  in the receiving water ,  depending on environmental conditions and on residence 
t ime of the products of equation (1) within the bounds of the system. 

The r a t e  processes  to  be accounted for, then, are the reaction ra tes  of the 
react ions shown in equations (1) through (3), the  rate of t ransport  of oxygen and 
water  to  the s i te  of pyrite oxidation, and the ra te  of t ransport  of the dissolved 
products of equation (1) away from the s i te ,  and eventually t o  the receiving water. 
In a high humidity environment, t h e  water can he assumed to be present at 
the site, either as liquid water  o r  water vapor, and thus will not he discussed 
in connection with reactant t ransport .  
ance in the dissolution and t ransport  of products, however. 

In any case, unless  there  is a continuous source of Fe++&ntering from outside 

ions. 
Taking equation (1) to represent  the initial oxidation of pyrite, then equation 

, and the 

Liquid water  flow i s  of paramount impoi-t- 

- Description of a Fyritic System 
Certain character is t ics  common to all pyritic sys tems can be summarized, 

which provide fur ther  definition of the factors t o  be included in any system model. 
These a rc :  

The reaction is heterogeneous, involving the reaction of crystalline ( F e q )  
with oxygen in water. The initial reaction s i te  i s  the pyrite surface, and it i s  the 
environment a t  this surface which determines the kinetics of the oxidation. 

(a) 

* 
In this paper, pyrite oxidation is  taken to mean the type of reaction shown in 
equation (4 ) ,  and docs not include the subsequent oxidation of ferrous i ron,  
leading to the precipitation of fe r r ic  iron, as  shown in equations (2) and (3). 

I' 

I 
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reaction. This ra te  may be expressed in kinetic t e r m s  as a function of the 
concentrations of reacting species, and of factors having a catalytic effect on the 
rate .  The concentration' of FeS, i s  the number of reactive s i tes  per  unit 
a r e a  of pyrite, while other chemical species may be represented in conventional 
concentration te rms .  

A calculation of the solubility of oxygen in water, together with a 
consideration of the stochionietry of equations (1) through (3)  and the acid and 
iron concentrations commonly observed in mine drainages, shows that it i s  
possible for only a t r a c e  of the oxygen required to have entered the system 
in the form of dissolved oxygen. Therefore, oxygen transport must be pre-  
dominantly in the gas  phase (1). This fact has far-reaching implications, one 
of the most important of which i s  the fact that pyrite undergoing oxidation cannot 
he covered by more than a thin film of water, due to the resis tance to  oxygen 
transport in water. 
oxygen transport for a description of this major and indespensible link in the 
overall reaction train. 

for pyrite in water saturated with oxygen, a s  long as the relative humidity i s  
near 100% (2) .  
cause water to condense from the surrounding water vapor, resulting in an ad- 
sorbed liquid of high acid and salt content. 

not influence oxidation r a t e  of pyrite (in presence of water). (2) Thus, reaction 
r a t e  is independent of the r a t e  of transport of products away from the region of 
pyrite oxidation. 

to the outside atmosphere, but instead with pyrite buried' within some type of 
porous structure. 

Figure 1 shows an idealized example of a pyritic system, incorporating the 
major character is t ics  discussed thus far. 

Interface A might be the ground surface in the case of a gob-pile, o r  the 
wall surface in an underground mine. The pyrite surface at C is buried a t  a 
distance L in the surrounding permeable material (e.g., coal, shale, etc. ), 
and i s  covered by a film of water  of thickness X. It should be noted that the 
term permeable media, as used here,does not imply a homogeneous permeability. 
It i s  likely that permeability to both oxygen and water i s  due largely to specific 
channels, such as cracks, partings, etc. 

The boundary D marks  the upper boundary of a region saturated with water, 
such a s  a saturated ground water  flow region. Although products of pyrite 
oxidation might seep down to this region, and then be carr ied out of the system, 
pyrite buried i n  this region will not undergo significant oxidation, due t o  the 
resistance to diffusion of oxygen o r  any othor electron acceptor in an unmixed 
(non-turbulent) volume of water. 
f rom the p i n t  of oxidation to an a rea  of active flow will determine the lag t ime 
Ixtrveen oxidation and appearance of products in the drainage. 

(b) 

One must look, then, to the factors controlling gas  phase 

(c) Dry' pyrite will undergo oxidation a t  a ra te  s imilar  to  that observed 

The products of oxidation are sufficiently hygroscopic to  

(d) Kinetic studies have shown that desorption of oxidation products does 

(e) In general, the reaction is  not associated with pyrite exposed directly 

The distance and nature of water seepage 



Rate of Pyrite Oxidation: 
Having defined the nature  of this sample element of a large pyritic system, 

an expression can be developed to re la te  the rate at  which the pyrite oxidation 
reaction proceeds t o  the sys tem character is t ics .  This  expression must  be a 
function of the oxygen concentration at  surface A,  the mechanism of oxygen tr:ins- 
port to the pyrite surface, a n d  the kinetics of the oxidation reaction. For the 
purpose of discussion, it will be assumed that oxygen t ransport  through the 
permeable media i s  by diffusion only. However, it should be noted that convective 
transport is very likely to be a major factor in cxygen t ransport  in pyritic systems, 
due to the breathing action induced by atmospheric pressure  fluctuations. 
Referring to Figure 1, let it  be assumed that the oxygen concentration a t  the 
boundary A is c , ,  that the oxygen concentration a t  the pyrite surface is c3, and 
that the r a t e  processes  are proceeding under steady s ta te  conditions. Working 
with a unit a rea  of pyrite, 

rr = k,c3n . . . . . . . . . . . . . . . . . . . . . . . .  .(7) 

r r  = r a t e  of renction (moles O,/hr consumed) 
k, = reaction r a t e  constant 
n = empir ical  constant 

r = rt, = rt, . . . . . . . . . . . . . . . . . . . . . . .  .(8) 

r 
rt, = ra te  of 0, t ransport  through water  film (moles 02/hr )  

To simplify this example, it will be assumed that n = 1. At steady s ta te ,  

= rate of 0, t ransport  through porous media (moles 02/hr )  tl 

fur ther ,  rt, = El (c, - c,) and rt2 =-& (c, - c3) . . . . . . . . . . .  (9) 
L X 

where D, = Diffusivity of 0, through the permeable media 
D, = Diffusivity of 0, through the water  
L = Length of diffusion path through porous media 
X = Length of diffusion path through water  film 
c2 = O2 conc. at porous media - water film interface 

rearranging euqations (8) and (9) , 
c1 . c, = Lrt, = L rr . . . . . . . . . . . . . . . . .  .(loa) 

D ,  D1 
c 2 - c g  = X-rt = x  rr . . . . . . . . . .  

Ix D7 
. . . . .  . ( lob)  

adding equations ( loa)  and ( lob)  
c ' , - c a =  L x rr (-- + -) 

Dl D, 
and rr = 1 (c, - C2) . . . . . . . . . . . . . . . . .  (11) 

L X - + -  
Dl D, 

Note that for a given value of c ,  - c3 (the overall driving force for oxygen t ransfer) ,  
an increase i n  L or X or  a decrease  in D, or D, will lead to a decrease  in rr. How- 
e v e r ,  f o r  a given reaction s i te  i n  a given system, L, X. D,,  and D, will he constant 
and equation (11) can he re\vritten as 

r = k  ( c , - c g )  . . . . . . . . . . . . . . . . . . . . .  .(12) r m  

I 

I 

/ 

i 

i 

1 



55 

where km is the overall m a s s  t ransfer  coefficient for the system. Comhining 
equations (7)  and (12) (with n = 1 in equation (7)  ) 

k, c3 = k (c, - c3) o r  cg = knl c1 . . . . . . . ( IS )  
m 

k, + Sl1 
This  gives the oxygen concentration at  the pyrite surface in t e r m s  of the concen- 
tration of oxygen at boundary A ,  the m a s s  t ransport  character is t ics  of the system 
(k,) and the kinetic rate constant (k,). 

Rearranging eq. (13), 

I 
\ rr = 1 Cl  

l/k, + l /k,  
Thus, the rate  of oxidation can be expressed as  a function of h, k,, and the 
concentration of oxygen at the outside atmospheric boundary of the system cl. 

R2, in ser ies .  In this case, 
This  is analogous to  a simple electr ical  circuit with two resis tances ,  R,, and 

I =  I E 
Ri + R2 

where I = current  flow 
E = potential drop. 

In looking at  the problem in the manner shown above, i t  i s  not necessary to 
assume a f i rs t  o rder  reaction as in eq. (7) ,  nor i s  it necessary to  assume a 
single s i te  with single values of L and X. The model can be expanded to  fit 
complex situations, with the major limitation at this  t ime being valid data on 
the factors  determining m a s s  t ransport  and kinetics. 

the factors determining both molecular diffusion and cnnvective t ransport  
(breathing) of oxygen. Similarly, k, i s  a function of oxygen, ferrous,  and ferr ic  
ion concentrations a t  the pyrite surface, the nature and surface area of the 
exposed pyrite, and catalytic factors  such as bacterial activity. All of these 
factors  must by incorporated in a description of the reaction system. 

determining factor, depending on the relative values of k, and km. 
as above, let rt = km (c, - ct), and rr = klc3. As before, rr = r t ,  and the 
simultaneous solution of the expressions for  rt and rr will 
transport (or of reaction) and the concentration of oxygen at  the pyrite surface 
which will be maintained at  steady state. This  solution, which was  car r ied  
out analytically above, can also be demonstrated graphically, a s  shown in 
Figure 2.  Three cases  are shown: CaseA,, k, =km; Case B. k l<<< h; and 
Case  C, kl>>*m. 

change in the steady s ta te  reaction r a t e  : that is, both a r e  ra te  controlling. 
Case B, the steady s ta te  reaction rate  is  very sensitive to  changes in k,, but 
i s  insensitive to  changes in km: thus, the reaction kinetics a r e  ra te  controlling. 
TO control acid formation a t  the source, attention should he given to  the identifi- 
cation and control of the rate  controlling step, which may well vary from one 

F o r  example, km is a function, in general, of the scale  of the system, and 

In any specific case,  either m a s s  t ransport  o r  kinetics might be the rate  
For example, 

yield the rate of 

In Casc A ,  it is seen that a change in e i ther  k, or & will yield a significant 
In 
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situation to  another. It i s  the ultimate effect of such procedures as mine 
sealing on the rate  controlling s tep which i s  of importance. 

Rate of Acid Release: 

re lease  rates  be modeled. Referring t o  Figure 1, products of oxidation will 
move away from the s i te  by either diffusion o r  convection, depending on whether 
the water film on the pyrite i s  moving or stagnant. If there  is no water film, 
the products will remain at  the site. The r a t e  and frequency with which the 
products a r e  removed from the system will depend on the mechanism of 
transport away from the s i te ,  and the proximity of regions of active water 
flow. A s  the position of regions of active flow change (e. g . ,  ground water 
levels, or percolating drainage from precipitation). they may flush out products 
held a t  o r  near  the s i te  of pyrite oxidation. It is significant to  note that changing 
positions of flow channels may ' flood out' oxidation s i tes ,  temporarily decreas- 
ing the rate of acid formation, but at this  same t ime,  the rate of removal of 
oxidation products f rom the system may be at  a maximum value. The overall 
process  of product removal  can be represented mathematically by established 
expressions describing m a s s  transport and ground water  flow. The pr imary 
factor t o  hear in mind is the fact that the distance from the s i te  to  a region of 
active water flow i s  variable with time, and related to seasonal changes in 
flow patterns. The 'lag time' of product removal may be considerable (1) and 
the overall retention t ime of oxidation products will be a factor in the deter- 
mination of the Fe++/Fe* ratio in the s y s t e m ' s  effluent. 

Jus t  as reaction r a t e s  can be modeled rationally, so also can product 

Value of Model 
It i s  believed that through the descriptions of pyrite oxidation systems in the 

context of the model outlined here, the discussion of s u c h  sys tems can be 
classificd,and problems of communication can be  considerably lessened. Several 
points warrent par t icular  emphasis a t  this  time. In planning and executing 
laboratory investigations, due consideration must be  given to the problem of 
extrapolating laboratory data to field conditions. For example, in studying 
reaction kinetics, it should be recognized that water  in the immediate vicinity 
of pyrite oxidation s i t e s  will be extremely high in both hydrogen ion and salt 
content. This may have a very direct  bearing on the conditions to  be simulated 
in experiments dealing with microbial catalysis of pyrite oxidation. Second, in 
the application of bacterial agents o r  agents intended to block the oxidation 
reaction, it i s  likely that they must be applied in the vapor phase, (following the 
oxygen transport paths) since liquid phase applications are not likely to come in 
contact with the majority of oxidation sites. 
s u c h  as mine sealing, due consideration should be given to the lag time between 
oxidation and the appearance of oxidation products in the drainage. Also, every 
possible attempt should be  made to directly measure environmental conditions 
well within the interior of a given system. Observed overall abatement effects 
must be broken down into specific effects  on specific ra te  proccsscs ,  if thc results 
of a demonstration program are to be correct ly  interpreted with the intention 
of yielding generally applicable results. 

Finally, in demonstration efforts 
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REVIEW OF PENNSYLVANIA'S MINE 
DRAINAGE POLLUTION ABATEMENT .PROGRAM 

Dr. David R. Maneval 

Harrisburg, Pennsylvania 

ABSTRACT 

The 1965 amendments t o  Pennsylvania's Clean Streams Law prohib i t  the 
discharge of acid mine drainage i n t o  the streams of the  Commonwealth a f t e r  
January 1, 1967. Because of t h i s  new l eg i s l a t ion  the coal mining industry 
and s t a t e  government a r e  extremely aware of the  necessity f o r  new techniques 
i n  treatment and prevention of the  flow of acid mine drainage from the  ac t ive  
mines of the Commonwealth i n  order t o  keep the  coal mining industry i n  
Pennsylvania. Approximately one th i rd  of the t o t a l  volume of mine drainage 
presently pol lu t ing  the  streams of the  Commonwealth or ig ina tes  from "active 
coal operationsn and two th i rds  come from "abandoned mine discharges." 
date,  the Commonwealth has a l loca ted  grants  t o t a l ing  $2,805,631 f o r  mine 
drainage research. 
on a "watershed-by-watershed" basis.  Engineering s tudies  a r e  being made 
t o  pinpoint sources of pollution and then remedial ac t ion  programs a r e  
defined and i n i t i a t e d  on a p r i o r i t y  basis.  
approach divides the  abandoned mine abatement problem i n t o  two l o  i c a l  
divisions: 
of mine drainage. The treatment approach can be fu r the r  divided i n t o  two 
basic approaches, i . e . ,  treatment soley f o r  t he  re turn  of a minimum qual i ty  
but acceptable discharge t o  streams and complete regeneration of mine drainage 
t o  prepare a sa t i s fac tory  water f o r  reuse. 

To 

The Commonwealth i s  tackl ing  its abatement a c t i v i t i e s  

The bas ic  premise of the Department 

(1) Volume reduction or contamination prevention; (27 Treatment 

This presentation w i l l  be made through the  use of colored s l ides .  
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BIOCHEMICPL ECOLOGY OF METAL SULFIDE O X I D I Z I N G  OAC 

0 .  G .  Lundgren and F .  R .  .Tab i ta  

B i o l o g i c a l  Research L a b o r a t o r i e s ,  Department of Bac te r  
Botany, Syracuse U n i v e r s i t y ,  Syracuse, New York 
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o l o g y  and 
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I NTRODUCT ION 

M e t a l  s u l f i d e s  i n  t h e  p resence  o f  oxygen w i l l  o x i d i z e  t o  t h e i r  
c o r r e s p o n d i n g  m e t a l  s u l f a t e s  and s u l f u r i c  a c i d ;  t hese  r e a c t i o n s  a r e  
a c c e l e r a t e d  by t h e  me tabo l  i c  a c t i v i t i e s  o f  a c i d - l o v i n g  i r o n  o x i d i z i n g  
b a c t e r i a .  The v a r i o u s  mechanisms of  m e t a l  s u l f a t e  o x i d a t i o n s  have 
been rev iewed  ( 2 0 ) .  M i c r o b i a l  o x i d a t i o n  o f  s u l f i d e  m e t a l s  have harm- 
f u l l  e f f e c t s  by c o n t r i b u t i n g  t o  s t ream p o l l u t i o n .  P y r i t e s  and marca- 
s i t e s ,  b o t h  a s s o c i a t e d  w i t h  c o a l  m in ing ,  when i n  t h e  presence o f  oxy-  
gen, w a t e r  and i r o n - o x i d i z i n g  b a c t e r i a  o x i d i z e  t o  s u l f u r i c  a c i d  and 
i r o n  s u l f a t e .  The a c i d  i s  c o r r o s i v e  t o  equipment,  k i l l s  a q u a t i c  l i f e ,  
d i s s o l v e s  rocks and m i n e r a l s ,  and c o n t r i b u t e s  t o  t h e  hardness o f  w a t e r .  
The i r o n  s u l f a t e ,  s o l u b l e  under  a c i d  c o n d i t i o n s ,  e v e n t u a l l y  h y d r o l y z e s  
and p r e c i p i t a t e s  f rom s o l u t i o n  t o  f o r m  c o l o r e d  complexes o f  f e r r i c  
s u l f a t e s  and h y d r a t e d  o x i d e s .  

Cons ide rab le  though t  has been g i v e n  t o  t h e  p r e v e n t i o n  o f  b i o l o g i -  
c a l  i r o n  o x i d a t i o n  a s  a mecns o f  c o n t r o l l i n g  w a t e r  p o l l u t i o n  ( 2 8 ) .  
However, a s  t h i s  r e p o r t  demons t ra tes ,  any though t  of  m i c r o b i o l o g i c a l  
c o n t r o l  m u s t  c o n s i d e r  t h e  m e t a b o l i s m  of t h e  who le  organism. At tempts 
t o  i n h i b i t  i r o n  o x i d a t i o n  can  r e s u l t  i n  t h e  organism o x i d i z i n g  s u l f u r  
a n d / o r  o r g a n i c  compounds. A complex b i o c h e m i c a l  r e l a t i o n s h i p  e x i s t s  
i n  these  b a c t e r i a  and a p a r t i c u l a r  metabol  i c  e x p r e s s i o n  depends upon 
r e g u l a t o r y  mechanisms ( 1 1 ) ;  t h e  l a t t e r  a r e  s u b j e c t  t o  i n f l u e n c e  by 
t h e  env i ronmen t . 
and m e t a b o l i z e  i r o n ,  s u l f u r ,  o r  g lucose .  I t  i s  t h e  purpose o f  t h i s  
p r e s e n t a t i o n  to d i s c u s s  a s p e c t s  of t h e  c e l l s '  me tabo l i sm when o x i d i z i n g  
t h e  d i f f e r e n t  s u b s t r a t e s  f o r  t h e i r  p r i m a r y  energy source; emphasis i s  
g i v e n  t o  s u l f u r  o x i d a t i o n .  

MATERIALS AND METHODS 

I t  i s  now recogn ized  t h a t  t h e  i r o n - o x i d i z i n g  t h i o b a c i l l i  can grow 

C u l t u r e s .  F e r r o b a c i l  I u s  f e r r o o x i d a n s  was grown i n  the  f o l l o w i n g  

I .  Growth o f  f e r r o u s  i r o n .  C e l l  s were grown under  c o n d i t i o n s  as 
ways: 

r e p o r t e d  p r e v i o u s l y  ( 1 3 ) .  
g l a s s  c a r b o y s  o n  t h e  f e r r o u s  s u l f a t e - 9 K  medium (9,000 ppm o f  Fe , pH 
3 , 3 )  under  f o r c e d  a e r a t i o n  and was h a r v e s t e d  a f t e r  48 t o  54 h r  by use 
o f  a Sharp les  C e n t r i f u g e .  

1 1 .  Growth on e l e m e n t a l  s u l f u r .  C e l l s  were grown i n  2 - l i t e r  
Fernbach f l a s k s  c o n t a i n i n g  500 m l  of  t h e  9K s a l t s  s o l u t i o n  (pH 3 . 3 ) .  

1 .O ppm o f  FeSO , and 5 g o& p r e c i p i t a t e d  s u l f u r .  
a u t o c l a v e d  for !! m i n  a t  121 C p r i o r  to i n o c u l a t i o n  and were c o o l e d  
r a p i d l y  to p r e v e n t  s u l f u r  f r o m  coalesc ing. ,  F l a s k s  were a g i t a t e d  on a 
r e c i p r o c a t i n g  shaker  for 5 t o  6 days a t  28 C and c e l l s  were ha rves ted ,  
a f t e r  t h e  pH had dropped be low 2 . Q w i t h  a S o r v a l l  R C - 2  r e f r i g e r a t e d  
c e n t r i f u g e .  The s u l f u r  i n  t h e  f l a s k s  was n o t  d e p l e t e d  d u r i n g  t h i s  
t i m e .  The inoculum c o n s i s t e d  o f  c e l l s  t r a i n e d  to  s u l f u r  by repea ted  
t r a n s f e r s  on t h e  s u l f u r  medium. 

I l l .  Growth on g l u c o s e .  C e l l s  were f i r s t  grown i n  t h e  r e g u l a r  
9K medium c o n t a i n i n g  0.5% g l u c o s e .  Subsequent t r a n s f e r s  were made 
i n t o  f r e s h  media c o n t a i n i n g  d e c r e a s i n g  c o n c e n t r a t i o n s  o f  f e r r o u s  

The o rgan ism was propagated i n  1 6 - l i j g r  

These f l a s k s  were 
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s u l f a t e .  C e l l s  t r a i n e d  t o  grow on g lucose  g reh  we11 i n  t h e  absence 
o f  i r o n .  C u l t u r i n g  was done i n  25O-mI Erlenmeyer f l a s k s  and the  pH 
o f  t h e  medium a t  t h e  t ime  o f  t r a n s f e r  ixas 3 . 2 .  

C e l l - f r e e  e x t r a c t s  and enzyme p u r i f i c a t i o n .  Washed c e l l s  were 
suspended i n  0.5M Tr is-HC1 b u f f e r ,  pH 7 . 8  ( 2 5 - 3 0 % ,  w / v ) ,  and passed 
t h r e e  t imes  th rouqh  a c o l d  F rench -p ressu re  c e l l  (15,000-20,000 p.s . i  . )  
or t r e a t e d  w i t h  s o n i c  ene rgy .  A l l  o p e r a t i o n s  were pe r fo rmed  i n  t h e  
Presence o f  0.01M sodium t h i o s u l f a t e .  The broken c e l l s  were t r e a t e d  
w i t h  300 p g  each o f  RNzse and DNase a t  room tempera tu re  f o r  20 min 
a f t e r  wh ich  t h e  whole c e l l s  and d e b r i s  were removed by c e n t r i f u g a t i o n  
J t  13,000 x g f o r  20 m i n .  The r e s u l t i n g  s u p e r n a t a n t ,  t h e  c r u d e  ex -  
t r a c t ,  was a d j u s t e d  t o  pH 5 by s low a d d i t i o n  o f  c o l d  1 N a c e t i c  a c i d  
and s t i r r e d  i n  an i c e  b a t h  f o r  20 m i n .  P r e c i p i t a t e d  p r o t e i n  was r e -  
moved b y  c e n t r i f u g a t i o n  and d i s c a r d e d .  Ammonium s u l f a t e  was added t o  
2 5 %  s a t u r a t i o n  and t h e  pH a d j u s t e d  t o  5 .0  w i t h  s t i r r i n g  f o r  3 0  min,  
a f t e r  wh ich  t h e  p r e c i p i t a t e  was removed and d i s c a r d e d .  More ammonium 
s u l f a t e  was added u n t i l  90% s a t u r a t i o n  was o b t a i n e d  and a g a i n  t h e  pH 
was a d i u s t e d  t o  5 .0  w i t h  s t i r r i n g  f o r  30  m i n .  The p r e c i p i t a t e  was 
c o l l e c t e d  and suspended i n  Tr is-HC1 b u f f e r  i n  .01M sodium t h i o s u l f a t e  
and d i a l y z e d  a g a i n s t  4 l i t e r s  o f  t h e  same b u f f e r .  

c e l l u l o s e  i n  0.025 a c e t a t e  b u f f e r ,  pH 5.0,  f o r  I h r  a t  4 C .  C e l l u l o s e  
w i t h  t h e  enzyme absorbed was recove red  by c e n t r i f u g a t i o n ,  and washed 
w i t h  t h e  same volume o f  b u f f e r  a t  0.05, 0.1, 0 .2 and 0 . 3  M i n  t h e  same 
manner. The enzyme was f i n a l l y  e l u t e d  w i t h  t h e  same b u f f e r  a t  0.50 M. 

b o v i n e  a lbumin  as t h e  s tandard .  

The d i a l y z e d  e x t r a c t  was t r e a t e d  w i t h  20 m l  o f  a s l u r r y  of CM- 

P r o t e i n  was de te rm ined  c o l o r i m e t r i c a l l y  (Lowry)  w i t h  c r y s t a l l i n e  

Rhodanese assay.  The ~ s s a y  f o r  rhodanese was e s s e n t i a l l y  t h a t  
d e s c r i b e d  by Bowen, B u t l e r  and Happold ( 4 )  where t h i o c y a n a t e  formed 
i s  measured c o l o r i m e t r i c a l l y .  The r e a c t i o n  m i x t u r e  c o n t a i n s  500 pmoles 
o f  Tr is-HC1 b u f f e r  (pH 8.5) ,  50 pmoles o f  sodium t h i o s u l f a t e ,  5 0  pmoles 
o f  po tass ium c y a n i d e  and p ? r t i a l l y  p u r i f i e d  enzyme. The r e a c t i o n  ves- 
s e l  was a screw cap t e s t  tube and t h e  t i m e  o f  t h e  r e a c t i o n  was 10 min.  
The r e a c t i o n  was s topped by t h e  a d d i t i o n  o f  0 .5  m l  o f  t h e  f e r r i c  n i t -  
r a t e  r e a g e n t .  The tubes  were c e n t r i f u g e d  t o  remove p r o t e i n  and t h e  
absorbancy measured i n  a Klet t -Summerson 800 c o l o r i m e t e r  equipped w i t h  
a b l u e  f i l t e r .  A v a l u e  o f  36 K l e t t  u n i t s  equa ls  0.1 pmole o f  t h i o -  
c y a n a t e .  

E l e c t r o n  m ic roscopy .  C e l l s  were washed w i t h  a low c o n c e n t r a t i o n  
o f  E D T A  s o l u t i o n  p r i o r  t o  f i x a t i o n  and then f i x e d  i n  1.5% g l u t a r a l -  
dehyde i n  s - c o l l i d i n e  b u f f e r  (pH 7 . 6 )  f o r  IO min  a t  room temperature,  
washed once i n  t h e  same b u f f e r  and f i n a l l y  f i x e d  o v e r n i g h t  i n  osmium 
t e t r o x i d e  (1 .0%) i n  d i s t i l l e d  w a t e r .  F i x e d  c e l l s  were enrobbed i n  
a g a r ,  c u t  i n t o  cubes, dehydra ted  i n  an a l c o h o l  s e r i e s ,  embedded i n  an 
epoxy r e s i n  c o n t a i n e d  i n  g e l a t i n  capsu les ,  and f o l l o w i n g  p o l y m e r i z a t i o n  
s e c t i o n e d  i n  an u l t r a  m ic ro tome.  S e c t i o n s  were f i r s t  s t a i n e d  w i t h  
u r a n y l  a c e t a t e  and p o s t  s t a i n e d  w i t h  l e a d  c i t r a t e .  

RESULTS 

E l e c t r o n  m ic roscopy .  F i g u r e  1 shows t h i n  s e c t i o n s  o f  E. f e r r o -  
ox idans  f o l  l o h i n g  grob;th on t h e  d i f f e r e n t  s u b s t r a t e s .  C e r t a i n  s t r u c -  
t u r a l  d i f f e r e n c e s  a r e  zpparen t  wh ich  r e f l e c t  m e t a b o l i c  changes as-  
s o c i a t e d  o i  t h  changes i n  s u b s t r a t e s .  S t r u c t u r a l  d i f f e r e n c e s  a r e  n o t  
t h e  m a j o r  endeavor o f  t h i s  paper ,  
c e l l s  a r e  grown a u t o t r o p h i c a l l y  ( i r o n  o r  s u l f u r )  or h e t e r o t r o p h i c a l l y  

b u t  c e r t a i n  changes a r e  obv ious  when 
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( g l u c o s e ) .  Glucose-grown c e l  1s ( F i g  I b )  c o n t a i n  p o l y - b e t a - h y d r o x y -  
b u t y r a t e  ( P ) ,  a b a c t e r i a l  s t o r a g e  p r o d u c t ,  wh ich  i s  n o t  p r e s e n t  i n  
i r o n  or s u l f u r - g r o w n  c e l l s .  Also,  t h e r e  a r e  no e l e c t r o n  dense bod ies  

lucose-grown c e l l s  compared t o  a u t o t r o p h i c a l l y - g r o w n  c u l t u r e s  
( F i g  (g! in l a  3 . S u l f u r - g r o w n  c e l l s  have a more l o c a l i z e d  n u c l e a r  area ( n ) ,  
r a t h e r  t h a n  a d i f f u s e  n u c l e u s  o f  t he  o t h e r  c e l l s .  We a r e  s t i l l  un-  
c e r t a i n  as rega rds  s t r u c t u r a l  chFnges i n  t h e  c e l l  enve lope ;  t h i s  i s  
b e i n g  s t u d i e d  for  t h e  e n v e l o p e  i s  i m p o r t a n t  i n  s u b s t r a t e  o x i d a t i o n s .  

I r o n  o x i d a t i o n .  The o x i d a t i o n  o f  f e r r o u s  i r o n  has been s t u d i e d  
more e x t e n s i v e l y  t h a n  t h e  o x i d a t i o n  o f  s u l f u r  and g lucose ,  and t h e  
s t a t u s  o f  i r o n  o x i d a t i o n  has been rev iewed (7 ,  1 5 ) .  In  s i m p l e s t  terms 
t h e  o x i d a t i o n  i s  d e s c r i b e d  as i n v o l v i n g :  

Fe++ cytochrome c 4 cytochrome a 4 O2 

A model has been p u b l i s h e d  fo r  how o x i d a t i o n  m i g h t  f u n c t i o n  i n  

Glucose o x i d a t i o n .  I r o n  o x i d i z i n g  b a c t e r i a  were once c o n s i d e r e d  

f e r r o b a c i l  1 i ( 8 ) .  

t o  be o b l i g a t e  a u t o t r o p h s  and t h e r e f o r e  u n a b l e  t o  grow h e t e r o t r o p h i -  
c a l l y .  R e s u l t s  f rom o u r  l a b o r a t o r y  have shown t h a t  i r on -g rown  c e l l s  
c o u l d  be t r a i n e d  t o  grow o n  g l u c o s e  a s  t h e  s o l e  energy sou rce  ( 1 2 ,  
1 6 ) .  H o w  a u t o t r o p h s  m i g h t  d i f f e r  f r o m  h e t e r o t r o p h s  as rega rds  t h e  
u t i l i z a t i o n  o f  s i m p l e  o r g a n i c  compounds has been d i scussed  ( 9 , 2 3 ) .  I n  
i r o n - o x i d i z i n g  b a c t e r i a ,  i t  has been shown t h a t  b o t h  a g l y c o l y t i c  p a t h -  
way and a Krebs c y c l e  a r e  p r o b a b l y  p r e s e n t  ( 3 ) .  S ince these  a r e  ma jo r  
m e t s b o l i c  r o u t e s  i n  h e t e r o t r o p h y  f o r  energy and b i o s y n t h e s i s ,  any t r a n s -  
i t i o n  f rom a u t o t r o p h i c  g r o w t h  t o  a h e t e r o t r o p h i c  way o f  l i f e  f o r  these 
b a c t e r i a  s h o u l d  n o t  be  a d i f f i c u l t  t a s k .  

S u l f u r  o x i d a t i o n .  S u l f u r  o x i d a t i o n  p r o v i d e s  a l i n k  to  i r o n  
o x i d a t i o n  through t h e  SO,+- a n i o n  and i t s  a s s o c i a t e d  H i o n s .  The l a t -  
t e r  c o n t r i b u t e s  to  a n  a c i d o p h i l i c  env i ronment  whereas t h e  a n i o n  i s  
r e q u i r e d  f o r  i r o n  o x i d a t i o n  (IO); t h e  mechanism by wh ich  SO - f u n c t i o n s  
i s  n o t  known. E a r l i e r  r e p o r t s  f r o m  t h i s  l a b o r a t o r y  have d e k r i b e d  t h e  
organisms g rowth  on s u l f u r  (13 )  a s  w e l l  a s  t h e  e f f e c t s  o f  g l u c o s e  upon 
s u l f u r  and i r o n  o x i d a t i o n  (19) .  

o x i d i z i n g  b a c t e r i a  ( T h i o b a c i l l u s  Spp.) i s  s t i l l  i n  doubt ,  and i t  i s  
p o s s i b l e  t h a t  d i f f e r e n t  s p e c i e s  o f  organisms have d i f f e r e n t  o x i d a t i v e  
pathways.  The s t a t u s  o f  i n o r g a n i c  s u l f u r  o x i d a t i o n  has been rev iewed 

members o f  t he  T h i o b a c i l l u s  group, t h e  below model has been c o n s t r u c t e d  
to se rve  2 s  a g u i d e  f o r  t h e  s t u d y  o f  s u l f u r  o x i d a t i o n .  

The e x a c t  pathway for  t h e  o x i d a t i o n  o f  reduced s u l f u r  b y  t h e  s u l f u r  

(27 1 * 
For t h e  i r o n - o x i d i z i n g  b a c t e r i a ,  wh ich  a r e  c o n s i d e r e d  b y  us t o  be 

1 .  

2 .  

= 4 .  - 

o3 s-s-so3 
SO4- 

R e a c t i o n  1 i s  c a t a l y z e d  by t h e  s u l f u r  o x i d i z i n g  enzyme w i t h  t h e  
f o r m a t i o n  o f  s u l f i t e .  T h i s  r e a c t i o n  i s  p r o b a b l y  t h e  c e n t r a l  r e a c t i o n  
fo r  a l l  pathways i n v o l v i n g  t h e  o x i d a t i o n  o f  s u l f u r  (24 ,  25, 1 5 ) .  The 
s u l f u r  o x i d i z i n g  enzyme-has been found  i n  i r o n  o x i d i z i n  
I t  i s  p o s s i b l e  t h a t  SO - e x i s t s  bound r a t h e r  than  f r e e  7 1 5 ) .  S u l f i t e  
can  

b a c t e r i a  ( 1 8 ) -  

be o x i d i z e d  t o  s u g f a t e  ( r e a c t i o n  2 )  v i a  APS reduc tase  (14 )  o r  
a 
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m e d i a t e d  by a cytochrome system ( 5 ) .  Bo th  of these r e a c t i o n s  can be 
coup led  t o  energy g e n e r a t i o n .  No energy i s  a s s o c i a t e d  w i t h  r e a c t i o n  
1 f o r  i t  i s  n o t  coup led  to  o x i d a t i v e  p h o s p h o r y l a t i o n .  When e lementa l  
s u l f u r  i s  o x i d i z e d ,  t h i o s u l f a t e  i s  formed enzymat i ca l  l y .  T h i o s u l f a t e  
i s  t h e  s u b s t r a t e  fo r  the  t h i o s u l f a t e  s p l i t t i n g  enzyme rhodanese, 

l e v e l  o f  SO - h i g h  and c o u i t e r a c t  t h e  nonenzymatic f o r m a t i o n  of  t h i o -  
s u l f a t e .  T i i o s u l f a t e  may a l s o  b e  o x i d i z e d  v i a  t h e  t h i o s u l f a t e  o x i d i z i n g  
enzyme ( r e a c t i o n  4 ) .  T h i s  r e a c t i o n  i s  four id i n  o t h e r  b a c t e r i a  i n c l u d i n g  
t h i o b a c i l l i  ( 2 ,  6, 2 2 )  and may r e p r e s e n t  t h e  m a j o r  o x i d a t i v e  pathway - 
f o r  t h i o s u l f a t e  ( 2 7 ) .  Reac t ions  5 and 6 which i n v o l v e  t e t r a t h i o n a t e  
and t r i t h i o n a t e  a r e  suspected of b e i n g  p h y s i o l o g i c a l  r e a c t i o n s  b u t  
enzymes c a t a l y z i n g  these r e a c t i o n s  have y e t  t o  be found  ( 2 1 ) .  I t  i s  
known t h a t  b o t h  t r i t h i o n a t e  and p e n t a t h i o n a t e  a r e  formed n o n - b i o l o g i -  
c a l l y  and a r e  l i k e l y  t o  be p r e s e n t  whenever o t h g r  forms o f  i n o r g a n i c  
s u l f u r  a r e  p r e s e n t .  I n  t h e  proposed scheme SO4-,  i m p o r t a n t  f o r  i r o n  
o x i d a t i o n ,  would be a b y - p r o d u c t .  

of these r e a c t i o n s  i n  i r o n  o x i d i z i n g  b a c t e r i a .  The l a t e s t  r e a c t i o n  
demonstrated i s  t h a t  c a t a l y z e d  by t h e  enzyme rhodanese. The enzyme has 
been i s o l a t e d  and p a r t i a l l y  p u r i f i e d  f rom b o t h  s u l f u r - g r o w n  and i r o n -  
grown c e l l s .  Rhodanese was p u r i f i e d  about  50 f o l d  o v e r  c r u d e  c e l l -  
f r e e  e x t r a c t s ,  and a l l  p r e p a r a t i o g s  a r e  s t a b l e  a t  room tempera tu re  f o r  
about  4 h r  and can be s t o r e d  a t  0 C f o r  5 days w i t h  l i t t l e  l o s s  i n  
a c t i v i t y .  Table 1 shows t h a t  enzyme, t h i o s u l f a t e  and c y a n i d e  a r e  a l l  
r e q u i r e d  f o r  t h e  f o r m a t i o n  of t h i o c y a n a t e .  N e i t h e r  c y s t e i n e ,  mercapto-  
e thano l  nor reduced g l u t a t h i o n e  (GSH) c o u l d  r e p l a c e  t h i o s u l f a t e .  

( r e a c t i o n  3 )  which forms SO -. T h i s  enzyme may f u n c t i o n  t o  keep t h e  

Our p r e s e n t  research  e f f o r t  i s  d i r e c t e d  towards t h e  demons t ra t i on  

TABLE I .  Requirements and s p e c i f i c i t y  o f  rhodanese" 

~~ ~ 

Del e t  i ons 
~~ 

A d d i t i o n s  pmoles SCN formed 

- _ _  
KCN 

'2'3 
Enzyme 

1 .06 
0.08 

0.11 

0.07  
enzyme bo i 1 ed enzyme 0.38 

'2 '3 
0.1X mercaptoethanol  0.14 '2'3 

'2'3 

50 pmoles c y s t e i n e  0.12 

50 pmoles GSH 0.11 
~~ ~~ 

"The enzyme a c t i v i t y  was de te rm ined  under s t a n d a r d  c o n d i t i o n s  o u t -  
l i n e d  i n  the  Methods. A d d i t i o n s  and d e l e t i o n s  a r e  as i n d i c a t e d .  0.45 
mg p r o t e i n  was used. 

The pH optimum o f  t h e  enzyme ranges f rom 7 . 5  to  9 . 0 .  Tab le  2 
sh0k.s t h e  e f f e c t s  of some i n h i b i t o r s  upon rhodanese a c t i v i t y .  The 
t h i o l - a l k y l a t i n g  egen t ,  iodoacetamide,  was the  most e f f e c t i v e  i n -  
h i b i t o r .  Glucose, n o t  shown i n  t h e  t a b l e ,  had no e f f e c t  upon the  
enzyme. 
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’ It TABLE I I .  E f f e c t  o f  v a r i o u s  i n h i b i t o r s  on rhodanese a c t i v i t y *  

b’ A d d i t i o n  C o n c e n t r a t i o n  A c t i v i t y  % o f  c o n t r o l  I 

None - - -  0.87 100 
p-hydroxymercur ibenzoa te  10-3M 0.86 ’ 98.9 

r 

r 

E D T A  

a r s e n a t e  

a r s e n i t e  

1 O - 2 M  0.88 101.1 

1 O - 2 M  0.88 101.1 
10-2M 0.86 98.9- 

o-phenan t h r o l  i ne I 0 - 3 ~  

H9C 12 I 0 - 3 ~  

N - e t h y 1 ma 1 e i m i de I 0 - 3 ~  

Na2S03 1 0 - 3 ~  
iodoacetami  de I 0 - 3 ~  

Na F 1 O - 2 M  

GSH 1 O m 2 M  

0.87 
0.85 
0.62 

0.83 
0.69 

0.55 
0.14 

100 

97.7 ; 
7 1 . 3  , 

95.4 
79.3 
6 3 . 2  ,, 
16.1 

mercaptoe thano l  0.1% 0.86 98.9 
Na N3 I 0 - 3 ~  0.88 101.1 / 

*The enzyme a c t i v i t y  was de te rm ined  under s t a n d a r d  c o n t i t i o n s  w i t h  
a d d i t i o n s  a s  i n d i c a t e d .  0.45 mg p r o t e i n  was used. A c t i v i t y  i s  expres-  / 

sed a s  t h e  number o f  pmoles o f  SCN formed p e r  10 m i n .  

DISCUSSION II 
From a metabol  i c  s t a n d p o i n t ,  t h e  i r o n - o x i d i z i n g  b a c t e r i a  rep resen t  

a v e r y  s o p h i s t i c a t e d  g roup  o f  organisms.  They a r e  b i o s y n t h e t i c a l l y  com- . 
p l e t e  and have e v o l v e d + i n  an e c o l o g i c a l  n i c h e  where reduced i r o n  and s u l -  
fur  as  w e l l  as a c i d  (H ) p redomina te .  The organisms a r e  a b l e  t o  use b o t h  - 
reduced i r o n  and s u l f u r  f o r  g rowth  and s i n c e  i r o n  i s  t h e  more s o l u b l e  sub- 
s t r a t e  p r o b a b l y  p r e f e r s  i t  t o  s u l f u r  even though the-energy y i e l d  per  gram k 
atom of s u b s t r a t e  i s  l o w e r .  The requ i remen t  f o r  SO - f o r  i r o n  o x i d a t i o n  
i s  met th rough  s u l f u r  o x i d a t i o n .  A lso,  t h e  a c i d  f r h m  t h e  o x i d a t i o n  main- 
t a i n s  an a c i d  e n v i r o n m e n t .  The organism i s  a b l e  t o  grow h e t e r o t r o p h i c a l l y  
g i v i n g  i t  a n  a d d i t i o n a l  s u r v i v a l  advantage.  I t  i s  n o t  known whether a l l  
members o f  the  b a c t e r i a l  p o p u l a t i o n  adap t  t o  g lucose  f o r  an energy source /I 
o r  whether  s e l e c t i v e  c e l l s  (mu tan ts )  adap t  t o  h e t e r o t r o p h i c  g rowth  and 
a r e  s e l e c t e d  o u t  by t h e  c u l t u r a l  p rocedures .  

The m e t a b o l i c - d i v e r s i t y  possessed by these b a c t e r i a  means t h a t  any,. 
a t t e m p t  t o  c o n t r o l  t h e i r  growth w i t h  m e t a b o l i c  i n h i b i t o r s  w i l l  be d i f -  
f i c u l  t ,  and  one must be c o g n i z a n t  o f  t h e  who le  metabol  i c  p o t e n t i a l  b e f o r e  
c o n t r o l  i s  c o n s i d e r e d .  t 
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~i~ 1 .  sections o f  iron-oxidizing bacteria grown on (a) iron, (b)  
glucose, (c) sulfur. Label n, nucleus; g, granule; p, p o l y -  
beta-hydroxybutyrate. a, 5 8 , O O O X ;  b, 3 0 , O O O X ;  c, 2 9 , O O O X .  
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AEROBIC-ANAEROBIC OXIDATIOX O F  PYRITE 

E.E.  Smith 
K .  Svanks 
E. Halko 

Ohio State University, Columbus, Ohio 

- 
Abstract: 

There a r e  two general approaches to control acid mine drainage: treatment of 
mine effluent. o r  prevention o r  abatement of the sulfide oxidation which is responsible 
for  acid mine drainage. 

This paper descr ibes  one phase of a basic study on the kinetics and mechanism 
of sulfide (pyrite) oxidation, a study which has provided information necessary to the 
analysis and evaluation of methods for abatement of acid mine drainage a t  i t s  source. 
This study was made to c lar i fy  the mechanism by which bacteria catalyze the oxi- 
dation of pyrite by using what i s  assumed to be a chemically analogous system. The 
regime of bacterial influence a r e  described in t e r m s  of conditions at the reaction site. 
Bacterial-enhanced oxidation ra tes  a r e  compared to  ra tes  in a chemical system and the 
independence of the two mechanisms demonstrated. 

Introduction: 

Quantitative data on kinetics of pyrite oxidation in a chemical sys tem a r e  avail- 
able. A general discussion of the thermodynamics and chemistry of pyrite oxidation 
was given by Clark (4 ) .  More quantitative kinetic studies on the effect of oxygen concen- 
t ra t ion (in vapor o r  liquid phase), water ,  and pH on the rate  of pyrite oxidation were 
given by Morth and Smith (ll), and Smith, Svanks, and Shumate (16). The latter paper 
a l so  described work on oxidation of pyrite by fe r r ic  ions, here  referred to a s  anaerobic 
oxidation. Where ra te  of oxidation is determined by the partial pressure of oxygen, the 
t e r m  aerobic oxidation i s  used. 

Earl ier  work by Garre l s  and Thompson (7) ,  who investigated the oxidation of 
pyrite by fe r r ic  sulfate solutions, showed the dependence of f e r r i d f e r r o u s  ratio on 
anaerobic oxidation ra te ,  and suggested that the rate-controlling mechanism i s  related 
to  adsorption of fgr r ic  and fe r rous  i ron on pyrite surface. 
the ra te  of oxidation h a s  chiefly a function of the oxidation-reduction potention (Eh) of 
solution and independent of the total i ron concentration. Over the range of Eh that 
could be examined by Garre l s  and Thompson their conclusions a r e  valid; however neither 
conclusion i s  basically correct. 

A number of publications (2, 3 ,  6 ,  12) have taken a geochemical approach to 
evaluating the effect of E , pH, iron concentration, etc. on mine drainage. Unfortunately 
the geochemists have codused  the kinetics of pyrite oxidation by using the Eh - pH 
stability diagrams to analyze pyritic systems.  F i r s t ,  phase equilibrium diagrams give 
little information regarding kinetics, other than *'go, no-go" limitations. But most 
se r ious  is the implication that the effluent water f r o m  a mine or  other pyritic system i s  
representative of the water in  contact with the reacting s i te  of pyrite. 
that the geochemists have grea t  difficulty explaining the source of oxygen or oxidizing 
agent f r o m  analysis of effluent water supports the conclusion (13, 15) that the vast 
majority of pyrite being oxidized i s  pyrite exposed to  a vapor phase. Only an adsorbed 
layer or thin film of water  a c t s  a s  the reaction medium. This adsorbed layer of water 
has very little relation t o  the effluent s t r e a m  from a pyritic sys tem such as a n  under- 
ground mine. The designation of aerobic- o r  anaerobic- controlled regimes i s  therefore 
not possible from analysis of effluent water. Relative oxidation ra tes  in natural systems 
a r e  determined by oxygen partial pressure ( aerobic ra te )  and f e r r i d f e r r o u s  ratio 

They also concluded that 

The very fact 

(anaerobic ra te)  at the site of the reaction. . 
A recent paper by Barnes and Romberger (3) discusses  the effect of bacteria in 
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pyrite oxidatio:; and confirms ear l ie r  statements (1G) that thc cheinical (noli-microbial) 
fe r rous  ion oxidation rate  by dissolved oxygen is negligibly slow. Dugail and Lundgren (5) 
report the energy supply for Ferrobacillus ferrooxiclans to be the oxidation of ferrous to 
f e r r i c  ions. Renlarkable increases  in pyrite oxidation rate  were noted (9, 10) when large 
quantities of these bacteria were added to the reaction system. 
c r e a s e  was reported (16) for anaerobic oxidation at  high ferr ic / ferrous ratio. 

Contact mechanism in oxidizing pyrite. 
through direct electron t ransfer  between the cell and pyrite on which the ce l l  i s  adsorhed. 
Indirect oxidation occurs by oxidation of pyrite by f e r r i c  ions, the ferr ic  ions being gener- 
ated by bacterial oxidation of fe r rous  ions in solution. 

in a biological system and observed no significant change in  ra te  until the bacteria had 
oxidized the irion in solution to 70 o r  80% fer r ic .  
primary importance although it does not rule out a significant contribution by direct oxi- 
dation. A comparison of anaerobic and bacterial ra tes  a s  a function of f e r r i d f e r r o u s  ratio 
in solution will indicate the relative r a t e s  of the two mechanisms. 

in biological systems and analogous chemical systems,  the following work was performed. 

- Exper imenta 1 Program: 

The same order  of in- 

Silverman (14) suggested that bacteria operate through both a "direct" and "indirect" 
Direct oxidation implies the oxidation of pyrite 

Bailey (1) followed the ra te  of pyrite oxidation 3s a function of fe r r ic  ion concentration 

This indicates "indireot" oxidation i s  of 

In order to provide the basic kinetic information needed to compare oxidation ra tes  

Equipment described by Smith, Svanks, and Shumate (16) was used €or  the anaerobic 
and combined aerobic-anaerobic runs. 
oxygen supply was added to'the titration vessel for  aerobic runs. The amount of make-up 
oxygen required to  maintain a constant sys tem pressure (including volume above perman- 
ganate burette) was used to determine aerobic oxidation rate .  

and found to require 14 moles of f e r r i c  ion, and three and one half moles of oxygen to 
oxidize one mole of pyrite (iron a s  ferrous) .  Rates a r e  thereby calculated in  t e r m s  of 
micromoles of pyrite oxidized per hour per g r a m  of pyrite, hased on oxygen consumed 
and f e r r i c  ions reduced. 

r ia l  f r o m  the Mc Daniels mine in the Middle Kittanning No. 6 coal  in Vinton County,Ohio 
and the other a "museum grade" sample of the same mesh s ize .  Data on the Sulfur Ball 
#2 sample of Ref. (16) i s  also presented. 

For  some a s  yet unknown reason, data on the museum grade pyrite could not be 
consistently reproduced. 

Consistent data were obtained on a se t  of runs,  f a r  example, a series of runs a t  
different ferr ic / ferrous rat ios ,  if operated continuously. But if the reactor  were shut 
down overnight, the ra te  the following day would often he higher o r  lower by 25 to  50% 
S u l f u r  ball material was much more predictahle, the rate  decreased slowly and regularly 
with reaction time. Over 25% of the original sample was consumed over the s e r i e s  of runs 
rcported. A l l  ra tes  were recalculated to  the same base rate; that of Run 23, the Rate vs. 
Concentration data se t  shown in Fig. 1. pH of all solutions varied between 0 . 2  and 0 .5 .  
The fe r r ic / fe r rous  ratio was calculated from the equation: EMF = 0.430 + 0.059 log (Fe+3{ 
Fe+2), a s  determined experimentally for  our system. 

In place of the nitrogen purge line, a metered 

Stoichiometry of both anaerobic and aerobic oxidation was checked experimentally 

'nvo different types of pyrite were used here: one a 48-70 mesh "sulfur ball" mate- 

n v o  consistent s e t s  of data for  the museum grade pyrite a r e  given in Tables 1 and 2 .  
Similar data for McDaniels Sulfur Ball sample a r e  given in Table 3 and graphically' 

in Fig. 2. 
Table 4. 

Treatment of Data: 

Results of the comhined aerobic-anaerobic oxidation runs a r e  summarized in 

A simple "dual site" adsorption model gives an equation that cor re la tes  experimental 
data within limits of experimental e r r o r .  

A S  one pss ih i l i ty ,  assumc a Fc (OH)++ complex is  adsorhed on two "reactive sites" 
of pyrite (tlual-sitc adsorption). Also assume ferrous ions (FeC+) compete for  these dual 
s i tes .  The activated complex formed by f e r r i c  ion adsorption is decomposed hy electron 
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t ransfer  f rom one of the react ive s i tes  to the fe r r ic  complex, forming an adsorbed ferrous 
ion, which i s  then desorbed. 

Using the Hougen-Watson (8) concepts for  calculating the rate  equation, the following 
rate  equation was derived: 

where: 
kQf = ra te  constant, electron t ransfer  reaction 
K = equilibrium constant, e lectron transfer 

K1 = adsorption equilibrium constant for  

K2 = adsorption equilibrium constant for 

Fe+2, Fe+3 = concentration of ferrous and 

reaction 

ferric ions 

ferrous ions 

ferric ions 

A t  high EMF'S, where the square root of the ferrous/ferr ic  ra t io  (Fe+2/Fe+3) is 
negligible, this  equation may be written: 

A plot of l/r vs. 1/ 

These data for  the three pyrite samples  shown in Tables 1, 3, and Table 2 of Ref. 

for  anaerobic oxidation a t  high EMF'S should give a 
straight line with a slope equal to l / k  and a n  intercept equal t o r n /  k. 

(16) a r e  plotted in Fig. 1. 
After k and K a r e  calculated from the slope and intercept, k' and can  be 

determined in the following manner: Assume that reaction r a t e  goes to zero  a s  EMF 

;:r;;Ze;.&JJ Fe+3 = 3.0). Then setting the numerator  of Equation 5 equal 

K2 can  be determined f r o m  one value of the Rate vs. EMF data where the fe r r ic /  
fe r rous  ra t io  is significant. 

The data presented in Ref. (16) f o r  Sulfur Ball #2 may be used to illustrate the 
calculation of the Rate Equation. 

F r o m  Fig. 1, slope of line for  Sulfur Ball #2 = 0.0061 and Intercept = 0.02, then: 
k =  1/0.0061= 165 
k' = 165/3 = 55 (E )' = Intercept x k = 3.3 

(Note: since d-' is  g t  negligible a t  EMF = 0.650, the intercept value 

= 3; k' = k/3. 

*From potentiostat measurements  of pyrite, these values appear reasonable in systems 
where the pH is below 1.0.  
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Of 3 . 3  illcludcs E t imes 6- . By tr ia l  and e r r o r .  K1 = 3. 3 - 70 x 0. 0137 = 
2 . 3 ,  when K2 i s  calculated from ra te  a t  EMF = 0.477. 
calculated using Fig. 1 and one point f r o m  Rate vs. EMF data is: 

Therefore thc ra te  equation, a s  

r =  165 - 55 dFe+2/Fe+3 

+ 2.3  + 70 \I- 1 

4- 

Table 5 compares calculated and experimental ra te  for these data. 
In like manner, the ra te  equations for  the experimental points given in Fig. 2 can be 

The solid lines on Fig. 2 are loci of the calculated ra tes  for  different total calculated. 
iron concentrations. Calculated and experimental ra tes  for  museum grade pyrite a r e  
compared in  Table 2. 

Interpretation of Data: 

The excellent correlation of experimental data by Equation 5 indicates that the form of 
the adsorption equation, if not the specific mechanism used to derive i t ,  is relevant. It 
appears  that the relative adsorption of ferrous and f e r r i c  ions is rate-determining in  
anaerobic oxidation. A comparison of adsorption equilibrium constants f o r  ferrous and 
ferric ion is surprising. F o r  sulfur ball pyrite the ratio of K2/K1 (ratio of adsorption 
equilibrium constants for ferrous and ferric ion, respectively) i s  900 f o r  Sulfur Ball #2, 
2500 for  Mc Daniels Sulfur Ball, and 45,000 for  Museum Grade pyrite. In other words, the 
relative adsorption of fe r rous  ions is much greater  than fe r r ic  for  a l l  types of pyrite. The 
selective adsorption of fe r rous  ions is particularly grea t  in museum grade pyrite -- over 
20 to 50 t imes greater  than the sulfur ball. It i s  a l so  interesting to note that the reactivity 
of the pyrite samples  i s  inversely related to  KZ/K1. The ra te  curves f o r  the three pyrite 
samples  a r e  compared in Fig. 3 

determined by ferrous/ferr ic  ratio, not Eh (EMF). A s  the Eh of solution is raised to the 
The data show that anaerobic ra tes  a r e  a function of total iron concentration, and a r e  

point where al l  iron is f e r r i c ,  the ra te  becomes constant. 
negligible effect on rate .  

reaction modes. The aerobic ra te  is not influenced by solution Eh o r  f e r r i d f e r r o u s  ratio, 
and the anaerobic ra te  i s  not changed by the partial pressure of oxygen. This leads to the 
conclusion that the "reactive s i tes"  for  the two oxidation mechanisms a r e  not the same. 

It i s  interesting to note that the increase in  oxidation rate ,  over the aerobic rate, is 
approximately the s a m e  for  samples  heavily inoculated with Ferrobacill us  ferrooxidans 
(9) and samples subject to anaerobic oxidation a t  high EMF'S. This observation, together 
with those of Silverman (14) and Bailey (1) leads to the conclusion that bacteria such a s  
Ferrobacill.  us ferrooxidans function to generate a high ferr ic / ferrous rat io  in  solution. 
The rate  of oxidation by ferric ions would then be the same in both a biological o r  chemical 
system, and determined by the f e r r i d f e r r o u s  rat io  and total i ron concentration. 

if data on oxygen concentration and f e r r i d f e r r o u s  a t  the reaction s i te  a r e  known. Aerobic 
and anaerobic ra tes  a r e  approximately the same,  a t  oxygen partial p ressures  of 21f&, when 
EMF = 0.450. This corresponds to a f e r r i d f e r r o u s  ratio of 2 . 2  o r  70'6 of iron ions in the 
f e r r i c  s ta te .  
fifth t o  one-tenth the aerobic ra te  in  a i r .  Only with microbial-enhance oxidation can fe r r ic /  
f e r r o u s  rat ios  this high he attained. 
than 0.3 (24'6 fe r r ic ) ,  and the partial pressure of oxygen i s  15 to 20% the system i s  in a n  
aerobic regime - i. e . ,  the oxidation rate  is  determined by the chemical aerobic mechanism. 
If oxygen vapor concentration i s  under 2'10 and 70% of the iron i s  in the f e r r i c  s ta te ,  the 
system is  in a anaerobic regime,  generated by microbial activity. 
that thc t e r m  "anaerobic" a s  used here  does not mean that the ultimate electron acceptor 

Further increase in  Eh has 

The combined aerobic-anaerobic oxidation runs show the independence of the two 

, 

These data provide a basis for  defining the reaction regime, i. e. aerobic o r  anaerobic, 

At an EMF of 0.40 ,  where 24% of iron is  f e r r i c ,  the anaerobic ra te  is one- 

In other words, if the f e r r i d f e r r o u s  ratio is.less 

It must be emphasized 
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i s  not oxygen. 
:i fe r r ic  ion. 
s i tes  a r e  exposed to vapor phase. 

"Anaerobic" implies only that the electron acceptor a t  the reaction site is 
These descriptions a r e  applicable to natural systems where active osidatim 

Pyrite immersed in  normal p o u n d  wuter i s  not osidizecl. 

Summarz: 

Anaerobic oxidation r a t e  of pyrite i s  determined by the ferr ic / ferrous ratio and 
tota 1 iron concentration in solution. 
on pyrite is  much grea te r  than f e r r i c  ions. At least f G r  the three  different pyrite samples 
examined, the reactivity i s  inversely related to the ratio of the adsorption constants, 
ferrous-to-ferric. 

Aerobic oxidation ra te  i s  a function of oxygen concentration a t  the reaction site. 
not affected by the presence of e i ther  f e r r i c  o r  ferrous ions nor the total iron concentration. 
Since the two rates  a r e  a lso independent. it appears  that different "reactive sites" a r e  
involved in aerobic and anaerobic oxidation. 

70% of the iron in solution is  in  the fe r r ic  s ta te  and the solution i s  in equilibrium with 
a i r  of 21% oxygen. Since such a high f e r r i d f e r r o u s  ratio is  only possible in a microbial 
system in a natural environment, oxidation by fe r r ic  ions (anaerobic oxidation) can be 
significant only in bacteria-catalyzed systems.  The oxidation regime can be determined 
f rom oxygen and i ron concentrations and the ferr ic / ferrous ratio a t  the reactive s i te .  
Note that the effluent water c a n  not be used to determine these factors  since this water is 
in no way representative of the water in  contact with the "reactive s i tes .  

f e r r i d f e r r o u s  ratio a t  the reaction s i te .  
of ra tes  (anaerobic and aerobic)  differ by a factor of 5 .  

of pyrite oxidation (per unit surface a rea  exposed) can be determined in t e r m s  of the 
equations f o r  anaerbbic and aerobic oxidation. 

with a relevant model of a pyritic system e. g. drift mine, gob pile, spoil bank, e t c . ,  
enables one to evaluate abatement measures  o r  predict acid formation that will develop 
under various conditions. 
basic chemical kinetics a r e  adequately described. 

The adsorption equilibrium constant for  ferrous ions 

It i s  

The aerobic and anaerobic r a t e s  a r e  approximately equal for sulfur ball pyrite when 

Figure 4 graphically descr ibes  the regimes in terms of oxygen concentration and 
The boundry lines were drawn where the ratio 

Since aerobic and anaerobic oxidation ra tes  a r e  independent and additive, the rate  

This type of information presented here  furnishes the basic data which, combined 

The kinetics of the total sys tem can be derived only if the 
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TABLE 1 TAbLE 2 

h 

3.125 
0.253 
2.523 
1.33 
2.30 
L . 
:' ..;GI 

1". ;v 

- _  
Z L . 1  

10.' 
!L: . p 

-: .'!5 
5.3 
3.73 
2 .:r4 
2.3' 

1.21 
0.  Po 
3.c.3 
3.1;5 
52.34 
0.25 
0.20 
0.195 

;I= + 1 . b  + 300 vw 
~ e + 3  

1 I i j t s :  "r" (Rate)  i n  u n i t s  .,f micrJgram-rnolc FeS;, sx i r l ize t l  p e r  hour  p e r  gram 
.f sanple. 

t 
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r (@/l i ter)  
19.3 5-0 
18.7 3-85 

TABLE3 - 

Rate vs .  IrJn CmcentratiDn 
E3F. Sett ing  = O.c.50; pH = 0.5 

Mc Daniels Sulfur Ball 

Run 23 I Run 50 
Fe Csnc. 1 Fe Conc. 

r (@/liter) 
19.1 4.3 
14.2 2.26 

/' 

14.3 2.15 
10.9 1-10 
E.5 0-59 - 

5.3 0.183 
6.5 0.31 

11.3 1.26 
9.1 0.675 
4.8 0.193 

8.2 0.54 
11.7 1.28 

TABLE 4 

Combined Aerobic and Anaerobic Oxidation 

Run ND. 
31 
33 
34 
35 
38 
41 
45 

Iron Conc. 
(gm/liter) 

- 
1.00 

1.00 
0.40 
0.20 
0.20 

- 

by $ @  

3.6 
3.5 
3.4 
3.5 
3.4 
3.5 

Rat e T I  

*otic only) 
4.5 
- (aerobic only) ,r 
4.4 
3.5 
5.1 
5-0 
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Rate vs. BfF, Sulfir Ball #2, Ref. 16 
Iron Concentration = 1 @n./liter, pH = 0.2 

EMF 

0.60 
0.65 

0.55 
0.50 
0-477 
0.460 
0.430 

.r 
F 

12.5 

6.1 
3.6 
2.1 
0.56 

11 

r calc . * 
14 

12.3 
9.2 
5.4 
3 -6 
2 =7 
1.3 

I 

\ 

, 
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THE MICROBIOLOGICAL OXIDATION OF FERROUS 
I R O N  IN MINE DRAIIUGE WATER 

L. B. Whitesell, Jr. 

Continental O i l  Company 
Drawer 1267 

Ponca City, Oklahoma 74601 

ABSTRACT 

Acidophylic iron bacteria have been investigated at the  
laboratory leve l  f o r  t h e i r  a b i l i t i e s  t o  grow and oxidize 
soluble ferrous iron i n  synthetic and natural mine drainage 
waters. The influence of pH, temperature, aeration and other 
variables on the metabolic ac t iv i t ies  of these microorganisms 
were determined using both batch and continuous culture tech- 
niques. 
the use of these microorganisms i n  t reat ing mine drainage 
water, axe discussed. 
f i e l d  t e s t  system are  also presented. 

The resu l t s  of these studies,  as they would affect  

Plans f o r  constructing a large scale 
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THE RATE-DETERMINING STEP I N  THE PRODUCTION,OF A C I D I C  MINE WASTES 

P h i l i p  C .  S i n g e r  and Werner Stumm 

Harvard U n i v e r s i t y ,  Cambridge, Massachuse t t s  

P r e v i o u s  s t u d i e s  of t h e  o x i d a t i o n  of i r o n  p y r i t e  and t h e  subsequent  

r e l e a s e  of a c i d i t y  i n t o  mine d r a i n a g e  w a t e r s  have provided no c o n c l u s i v e  

r e su l t s  i n  a s c e r t a i n i n g  which of  t h e  s t e p s  i n  t h e  o v e r a l l  r e a c t i o n  i s  r a t e -  

d e t e r m i n i n g .  Although microorganisms have f r e q u e n t l y  been i m p l i c a t e d  a s  t h e  

c a u s a t i v e  a g e n t s  i n  t h e  p r o d u c t i o n  of a c i d i c  mine d r a i n a g e ,  t h e  a c t i v i t y  o f  

t h e s e  microorganisms i n  n a t u r a l  sys tems h a s  r a r e l y  been e v a l u a t e d .  F u r t h e r -  

more, f e w  s t u d i e s  have been conducted i n  o r d e r  t o  a s s e s s  t h e  c a t a l y t i c  

i n f l u e n c e  of s e v e r a l  c h e m i c a l  a g e n t s  which are indigenous  t o  mine d r a i n a g e  

w a t e r s  and v h i c h  have been c i t e d  i n  t h e  l i t e r a t u r e ,  i n  v a r i o u s  c i rcumstances ,  

as e x h i b i t i n g  c a t a l y t i c  p r o p e r t i e s  i n  t h e  o x i d a t i o n  o f  f e r r o u s  i r o n .  T h i s  

paper  r e p r e s e n t s  a q u a n t i t a t i v e  e v a l u a t i o n  of  t h e  i n d i v i d u a l  f a c t o r s  con- 

t r o l l i n g  the  o x i d a t i o n  of i r o n  p y r i t e ;  t h e  r e l a t i v e  rates o f  t h e  v a r i o u s  

c o n s e c u t i v e  r e a c t i o n s  have been c o n s i d e r e d  i n  o r d e r  t o  e l u c i d a t e  t h e  r a t e -  

d e t e r m i n i n g  r e a c t i o n .  The  l a b o r a t o r y  r e s u l t s  are complemented by r e s u l t s  of 

a f i e l d  i n v e s t i g a t i o n  of  i r o n ( I 1 )  o x i d a t i o n  i n  n a t u r a l  mine waters. 

The mine-water s y s t e m  can  be c h a r a c t e r i z e d  by t h e  f o l l o w i n g  s t o i c h i o -  

metric r e a c t i o n s :  

FeS2(s) + 7 /2  O2 + H20 = Fe+2 + 2 S04-2 + 2 H+ 

Pe+* + 114 O2 + H+ = Fe+3 + 112 H20 

(1) 

(2) 

(3) 

(4) 

+ Fe+3 + 3 H20 = Fe(OH)3(s) + 3 H 

FeS2(s) + 14 Fe+3 + 8 H 2 0  - 2  1 5  Fe" + 2 SO4 + 1 6  H' 

The r e a c t i o n s  d e m o n s t r a t e  t h a t  t h e  d i s s o l u t i o n  o f  one mole of i r o n  p y r i t e  

l e a d s  u l t i m a t e l y  t o  t h e  r e l e a s e  of f o u r  e q u i v a l e n t s  o f  a c i d i t y :  two e q u i v a -  

l e n t s  f r o m t h e  o x i d a t i o n  of S (-11) and two from t h e  o x i d a t i o n  of Fe( I1)  and 

t h e  e n s u i n g  h y d r o l y s i s  o f  F e ( I I 1 ) .  

i r o n  p y r i t e  are r e a d i l y  a v a i l a b l e :  oxygen and i r o n ( I I 1 ) .  

2 
I t  should  be noted  t h a t  two o x i d a n t s  of  

OXYGENATION OF FERROUS IRON 
LABORATORY STUDIES 

The r a t e  o f  o x y g e n a t i o n  of f e r r o u s  i r o n  o v e r  t h e  pH-range o f  i n t e r e s t  

i n  n a t u r a l  waters is  shown in F i g u r e  1. These  resul ts  were o b t a i n e d  i n  c l e a n  

l a b o r a t o r y  sys tems and were n o t  s u b j e c t  t o  t h e  v a r i o u s  chemical  and b i o l o g i c a l  
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c o m p l e x i t i e s  imposed by n a t u r e .  In  t h e  a c i d i c  pH-region c o r r e s p o n d i n g  t o  

c o n d i t i o n s  encountered  i n  mine d r a i n a g e  w a t e r s ,  t h e  r e a c t i o n  p roceeds  r e l a -  

t , i v e l y  slowly ( t  - 1000 days)  and is independent  o f  pH. However, the compo- 

s i t i o n  o f  n a t u r a l  mine w a t e r s  i s  such t h a t  t h e  o x i d a t i o n  r e a c t i o n  may be 

a c c e l e r a t e d .  I n o r g a n i c  l i g a n d s ,  such :;A s u l f a t c  ( 2 ) .  wliich c o o r d i n a t e  wi th  

Fe (1 I )  and F e ( I I I ) ,  solub1.e meta l  i o n s ,  such a s  coppe r ( I1 )  ( 3 ) ,  aluminum, 

and m n g a n e s e ( I 1 )  ( l ) ,  suspended m a t e r i a l  w i t h  l a r g e  s u r f a c e  a r e a s  and  h igh  

a d s o r p t i v e  c a p a c i t i e s ,  such  as c l a y  p a r t i c l e s ,  materials which a c c e l e r a t e  

t h e  decomposi t ion  of p e r o x i d e s  i n  t h e  p r e s e n c e  of f e r r o u s  i r o n ,  such  as 

c h a r c o a l  (4), and microorganisms (5)  have a l l  been mentioned i n  t h e  l i t e r a -  

t u r e ,  i n  v a r i o u s  i n s t a n c e s ,  as b e i n g  c a p a b l e  o f  c a t a l y z i n g  t h e  oxygenat ion  

o f  f e r r o u s  i r o n .  Tab le  1 p r e s e n t s  a summary o f  t h e  exper i rnenta l  results of 

3 s t u d y  i n  which t h e  c a t a l y t i c  p r o p e r t i e s  of t h e  v a r i o u s  chemica l  a g e n t s  

were i n v e s t i g a t e d .  The s p e c i f i c  r e s u l t s  t hemse lves  and t h e  e x p e r i m e n t a l  

p rocedures  employed are d e s c r i b e d  e l sewhere  (6) .  It was found t h a t  t h e  d a t a  

o b t a i n e d  i n  t h e  p re sence  o f  t h e  v a r i o u s  c a t a l y s t s  s t u d i e d ,  a t  c o n s t a n t  

p a r t i a l  p r e s s u r e  o f  oxygen, c o n s t a n t  pH, and c o n s t a n t  c o n c e n t r a t i o n  o f  c a t a -  

l y s t ,  could  be s u i t a b l y  f i t t e d  by a r e l a t i o n s h i p  which i s  f i r s t - o r d e r  i n  

t h e  c o n c e n t r a t i o n  o f  f e r r o u s  i r o n :  

50 

- d [ F e ( I I ) ]  = 2.3 k" [ F e ( I I ) ]  ( 5) 
d t  

In  a d d i t i o n  t o  t h e  e f f e c t i v e  c a t a l y s t s  l i s t e d  i n  t h e  t a b l e ,  Mn(II), aluminum, 

amorphous f e r r i c  hydrox ide ,  k a o l i n i t e ,  powdered c h a r c o a l ,  and  c rushed  i r o n  

p y r i t e  were examined, b u t  no c a t a l y t i c  e f f e c t s  were observed .  The s t u d i e s  

were conducted  i n  t h e  absence  o f  t h e  microorganisms which are r e p o r t e d l y  

capab le  of a c c e l e r a t i n g  t h e  oxygena t ion  r e a c t i o n .  T a b l e  1 shows t h a t  t h e  

g r e a t e s t  i n f l u e n c e  on t h e  r a t e  of o x i d a t i o n  o f  Fe(I1) was e x e r t e d  by t h e  c l a y  

p a r t i c l e s  o r  t h e i r  i d e a l i z e d  c o u n t e r p a r t s ,  a lumina  and s i l i ca ,  b u t  a t  a r e a l  

c o n c e n t r a t i o n s  much g r e a t e r  t han  t h o s e  encoun te red  i n  most n a t u r a l  mine waters. 

FIELD STUDIES 

In  o r d e r  t o  compare t h e  expe r imen ta l  r e s u l t s  d e s c r i b i n g  t h e  k i n e t i c s  o f  

f e r r o u s  i r o n  o x i d a t i o n  i n  s y n t h e t i c  mine waters w i t h  t h e  rate o f  t h e  r e a c t i o n  

i n  n a t u r e ,  f i e l d  i n v e s t i g a t i o n s  were conducted  i n  t h e  b i tuminous  c o a l  r e g i o n  

o f  West V i r g i n i a ,  n e a r  E l k f n s .  

by t h e  FWPCA se rved  as a sou rce  o f  mine water hav ing  a h igh  c o n c e n t r a t i o n  o f  

d i s s o l v e d  f e r r o u s  i r o n .  Measurements by t h e  FUPCA had i n d i c a t e d  t h a t  t h e  

p a r t i a l  p r e s s u r e  of oxygen i n s i d e  t h e  mine had been reduced  t o  7% ( 7 ) .  

Samples of t h e  water d r a i n i n g  o u t  of t h e  a i r - s e a l e d  mine were c o l l e c t e d  and 

An underground m i n e  which had been a i r - s e a l e d  

7 
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Uncata lyzed  

React i o n  

- 3 . 8  

-3 .6  

- 3 . 4  

- 3 . 3  

TABLE 1. Ciiemical C a t a l y s i s  of t!le O x i d a t i o n  of F e r r o u s  Ir:>Il' 

-- 
C a t a l y s i s  by:  

cu+2 A1203 sio2 B e n t o n i t e  
-2 

10-2H so4 
2 

at 5OoC 8000 m 2 / 1  3000 m /1  10 grs/l 

-3 .1  -3.4 

-2.5 

- -2.1 

-1.8 -2.2 -2.2 

PH 

3 . 0  

3 . 5  
3 . 8  

4 . 0  

a l lowed t o  s t a n d  back i n  t h e  l a b o r a t o r y  exposed t o  tile atmosp'aere. A l i q u o t s  

were removed a t  v a r i o u s  i n t e r v a l s  and t i t r a t e d  w i t h  s t a n d a r d i z e d  s o l u t i o n s  

of per rangai ia te .  F i g u r e  2 i s  an  a r i t  t m e t i c  p l o t  of the c,iange i n  [ F e ( I I ) ]  

w i t ) )  time; c u r v e  A r e p r e s e n t s  a sample wliich w a s  a c i d i f i e d  a t  t h e  t i m e  o f  

c o l l e c t i o n ,  i n  o r d e r  to  s e r v e  a s  a c o n t r o l ;  curve  B cor responds  t o  a sample 

wnic!i was m i l l i p o r e  f i l t e r e d  (0 .k  p o r e  d iameter )  immediately a f t e r  c o l l e c -  

t i o n ;  and c u r v e s  C and D r e p r e s e n t  u n t r e a t e d  samples .  Tlie l i n e a r i t y  o f  c u r v e s  

C and D i n d i c a t e s  t h a t  t i e  o x i d a t i o n  o f  F e ( I I ) ,  i n  i t s  n a t i v e  s o l u t i o n ,  i s  

z e r o - o r d e r  i n  F e ( I 1 ) .  The z e r o - o r d e r  n a t u r e  of  t h e  o x i d a t i o i i  i s  s u g g e s t i v e  

of a b i o l o g i c a l  r e a c t i o n  i n  which t h e  s u b s t r a t e  i s  n o n - l i m i t i n g  and i n  which 

t h e  c o n c e n t r a t i o n  o f  microorganisms remains  r e l a t i v e l y  c o n s t a n t ,  i .e.,  

- d S / d t  = p B/y = c o n s t a n t  ( 6 )  Illax 

where S is  t h e  c o n c e n t r a t i o n  of  s u b s t r a t e  ( F e ( I I ) ) ,  pmX i s  t h e  maximum 

s p e c i f i c  growth ra te  o f  tlie microorganisms,  y i s  t h e  y i e l d  of  microorganisms 

p e r  u n i t  of s u b s t r a t e  u t i l i z e d ,  and B i s  tlie i n s t a n t a n e o u s  c o n c e n t r a t i o n  of 

microorganisms,  assumed h e r e  t o  be c o n s t a n t  ( 8 ) .  Curves C and D i n  F i g u r e  2 

s a t i s f y  e q u a t i o n  6 .  

S i n c e  t h e  e n e r g y  r e l e a s e d  by t h e  o x i d a t i o n  o f  Fe( I1)  i s  so small, t h e  
-3 o x i d a t i o n  of 10 M F e ( I 1 )  would n o t  be e x p e c t e d  t o  s i g n i f i c a n t l y  change t h e  

b a c t e r i a l  c o n c e n t r a t i o n  i f  a l a r g e  number o f  b a c t e r i a  were p r e s e n t  i n  t h e  

mine w a t e r ,  f . 0 . )  3 s h o u l d  remain  c o n s t a n t .  I f ,  however, t h e  b a c t e r i a l  con- 

c e n t r a t i o n  were d i m i n i s h e d ,  as  by f i l t r a t i o n  o f  t h e  mine w a t e r ,  B would be 

e x p e c t e d  t o  i n c r e a s e  l o g a r i t h m i c a l l y  as t h e  s u b s t r a t e ,  F e ( I I ) ,  i s  u t i l i z e d  

so t h a t  

- d S / d t  = mmXBoemmaXt IY (7) 

which,  a f t e r  i n t e g r a t i o n ,  g i v e s  

So - S = BoePmxt/y 
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F igure  3 sliows tile d a t a  from c u r v e  B o f  F i g u r e  2 t o  f i t  s u c h  a microb ia l  

r e l a t i o n s ~ i i p .  

ponding t o  a g e n e r a t i o n  time. of 9 .1  , :ours .  (Si lverman and LRindgren ol)served 

g e n e r a t i o n  t i m e s  of a b o u t  7 .0  h o u r s  i n  t ' l e i r  l a b o r a t o r y  s t u d i e s  of Fe ( I1 )  

o x i d a t i o n  i n  t h e  p re sence  o i  F e r r o b a c i l l u s  f e r r o o x i d a n s  ( 9 ) . )  

and B a r e  t'ie i n i t i a l  substrate and h a c t e r i a l  c o n c e n t r a t i o n s ,  r e s p e c t i v e l y .  

 TI,^ s p e c i f i c  growtii r a t e  c o n s t a n t  i s  0 .07 t i  ,:rs.-', c o r r e s -  

To f u r t h e r  s u b s t a n t i a t e  b i o l o g i c a l  s i g n i f i c a n c e ,  s t e r i l e  s o l u t i o n s  of  

f e r r o u s  s u l f a t e  were i n o c u l a t e d  w i t h  a c i d  iiiine d r a i n a g e .  TWO s t e r i l e  con- 

t r o l s  were ma in ta ined :  one i n  which a s e p t i c a l l y  f i l t e r e d  mine w a t e r  (220 p~ 

pore  d i ame te r )  w a s  used as t h e  inoculum, and anot i ier  c o n t a i n i n g  s t e r i l e  

f e r r o u s  s u l f a t e  a lone .  A d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  of f e r r o u s  i r o n  was 

obse rved ,  !>ut o n l y  €or  tlie n o n - s t e r i l e  specimen. 

T h e r e f o r e ,  the o x i d a t i o n  of  f e r r o u s  i r o n  o c c u r s  niore r a p i d l y  i n  n a t u r a l  

mine wa te r  t han  i n  any of  t h e  s y n t h e t i c  s o l u t i o n s  i n v e s t i g a t e d  i n  t h e  l a b o r a -  

t o r y  s u b j e c t  t o  t h e  v a r i o u s  chemical  c a t a l y t i c  a d d i t i v e s .  The r a p i d i t y  o r  

tiie r e a c t i o n  i n  n a t u r e  i s  a p p a r e n t l y  t h e  r e s u l t  of m i c r o b i a l  c a t a l y s i s .  

OXIDATION OF IRON PYRITE 

With t h e  e x c e p t i o n  of t h e  s t u d y  by C a r r e l s  and Thompson (lo), p r e v i o u s  

i n v e s t i g a t i o n s  of  t h e  o x i d a t i o n  of i r o n  p y r i t e  have been conce rned  almost 

e n t i r e l y  wi th  oxygen as t h e  o x i d a n t .  

f e r r i c  iron as  a n  o x i d a n t  of p y r i t e  11.3s been ove r looked .  

In  x a s t  c a s e s ,  t h e  p o t e n t i a l i t y  of 

Fiv,ilre 4 she..!., t!i" d e c r e a s e  i n  F e ( I I 1 )  w i th  t i n e  i n  t h e  p r e s e n c e  o f  

v a r i o u s  c o n c e n t r a t i o n s  of i r o n  p y r i t e ,  under  a n i t r o g e n  atmosphere.  The con-  

c e n t r a t i o n  o f  p y r i t e  i s  l a r g e  compared t o  t h a t  of  F e ( I I 1 )  so t h a t  [FeS2j  re-  

mains r e l a t i v e l y  c o n s t a n t  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n .  The s t u d y  was 

conducted below pH 2 ,  where t h e  r a t e  of o x i d a t i o n  of p y r i t e  i s  independent  

of pH (10) (11). 

The r a p i d i t y  of  t h e  o x i d a t i o n  of  i r o n  p y r i t e  by Fe ( I I1 )  i s  r e a d i l y  

a p p a r e n t .  For  1 e:n/l of  p y r i t e ,  t h e  t ime recluired for t h e  r e d u c t i o n  of 50% 

o f  t h e  f e r r i c  i r o n  i s  approx ima te ly  2 5 0  minu tes ,  which i s  c o n s i d e r a b l y  less 

than  t h e  ha l f - t i : ne  Tor the o x i d a t i o n  o f  Fe ( I1 )  even when a c c e l e r a t e d  by t h e  

chemical  c a t a l y s t s  found i n  n a t u r a l  mine w a t e r s .  

Tile r a t e  of r e d u c t i o n  or  F e ( I 1 I )  by p y r i t e  i n  t h e  p r e s e n c e  of oxygen i s  

demonstrated i n  F i q u r e  5 ,  shov ing  t h a t  t h e r e  i s  v i r t u a l l y  n o  d i f f e r e n c e  between 

tlie r a t e  of  r e d u c t i o n  o f  F e ( I I 1 )  by p y r i t e ,  o r  tlie r a t e  o f  change o f  s o l u b l e  
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F e ( I I ) ,  under  a e r o b i c  and a n a e r o b i c  c o n d i t i o n s .  I n  the presence  of  0.20 atm. 

o f  oxygen,  t h e  o x i d a n t  o f  i r o n  p y r i t e  i s  fe r r ic  i r o n .  

CONCLUSIONS 

I n  a c c o r d a n c e  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d ,  t h e  f o l l o w i n g  

model i s  proposed t o  d e s c r i b e  t h e  o x i d a t i o n  of i r o n  p y r i t e  i n  n a t u r a l  mine 

waters : 
(+ 02) 

I n i t i a t i o n  R e a c t i o n :  FeS2(s).->Fe(II) + S - compound ( l o a )  

P r o p a g a t i o n  Cycle  : 

The model i s  similar t o  and c a r r i e s  w i t h  i t  t h e  same o v e r a l l  consequences as  

t h a t  s u g g e s t e d  by Temple and Delchamps (12) .  The r a t e - d e t e r m i n i n g  s t e p  i s  a 

r e a c t i v e  s t e p  i n  t h e  s p e c i f i c  o x i d a t i o n  of f e r r o u s  i r o n ,  r e a c t i o n  l o b .  As 

t h i s  i n v e s t i g a t i o n  h a s  demonst ra ted ,  t h e  rate o f  o x i d a t i o n  of Fe( I1)  under  

chemica l  c o n d i t i o n s  a n a l o g o u s  t o  t h o s e  found i n  mine waters is v e r y  s low,  

indeed  c o n s i d e r a b l y  slower t h a n  t h e  o x i d a t i o n  of i r o n  p y r i t e  by F e ( I I I ) ,  

r e a c t i o n  1Oc. 

Reac t ion  10a serves only  as an i n i t i a t o r  of t h e  o v e r a l l  r e a c t i o n :  f e r r o u s  

i r o n  may be r e l e a s e d  by s i m p l e  d i s s o c i a t i o n  of  t h e  p y r i t e ,  o r  by o x i d a t i o n  of  

t h e  p y r i t e  by oxygen. Once t h e  sequence h a s  been i n i t i a t e d ,  a c y c l e  i s  e s t a b -  

l i s h e d  i n  which f e r r i c  i r o n  r a p i d l y  o x i d i z e s  p y r i t e  and i s  s l o w l y  r e g e n e r a t e d  

t h r o u g h  t h e  o x y g e n a t i o n  o f  the r e s u l t a n t  f e r r o u s  i r o n ,  reactions 10b and c. 

Oxygen is involved  o n l y  i n d i r e c t l y  i n  t h e  r e g e n e r a t i o n  o f  F e ( I 1 I ) .  P r e c i p i -  

t a t e d  f e r r i c  hydroxide  d e p o s i t e d  i n  t h e  mine s e r v e s  

f e ( I I 1 ) ;  a s i g n i f i c a n t  s u p p l y  of  F e ( I I 1 )  is r e a d i l y  

o f  p y r i t e .  

The p e r t i n e n t  consequences  of t h e  model are as 

1.) F e r r i c  i r o n  cannot  e x i s t  f o r  long  i n  

a g g l o m e r a t e s .  

as a r e s e r v o i r  f o r  s o l u b l e  

a v a i l a b l e  as a n  o x i d a n t  

f 01 lows : 

c o n t a c t  with p y r i t i c  

2 . )  The e l i m i n a t i o n  of oxygen is i n c o n s e q u e n t i a l  w i t h  r e g a r d  t o  

t h e  s p e c i f i c  o x i d a t i o n  of i r o n  p y r i t e .  The e x c l u s i o n  of  oxygen, however, 

d o e s  p r e v e n t  t h e  r e g e n e r a t i o n  of  F e ( I I I ) ,  

3.) The o v e r a l l  ra te  of d i s s o l u t i o n  of p y r i t e  i s  independent  of  
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i t s  s u r f a c e  s t r u c t u r e ,  s i n c e  t h e  s p e c i f i c  o x i d a t i o n  of p y t i t e  i s  no t  

t h e  r a t e - l i m i t i n g  s t e p .  

4 . )  Microorganisms can be i n f l u e n t i a l  on ly  by med ia t ing  t h e  s p e c i -  

f i c  o x i d a t i o n  of  f e r r o u s  i r o n ,  s i n c e  i t ,  a l o n e ,  is  t h e  r a t e - d e t e r m i n i n g  

s t e p .  

The s o l u t i o n  t o  t h e  problem of a c i d  mine d r a i n a g e  appea r s  t o  be dependent 

upon methods of c o n t r o l l i n g  t h e  o x i d a t i o n  of f e r r o u s  i r o n .  Microorganisms,  

presumably t h e  a u t o t r o p h i c " i r o n  bacteria', ' markedly enhance t h e  r a t e  of ox ida-  

t i o n  of f e r r o u s  i r o n ,  t h u s  a c c e l e r a t i n g  t h e  o v e r a l l  r a t e  of  p y r i t e  o x i d a t i o n .  

C o n t r o l  measures must be aimed a t  h a l t i n g  t h e  c a t a l y t i c  o x i d a t i o n  of  f e r r o u s  

i r o n .  

REFERENCES 

S t u r n ,  W. ,  and Lee, G.F., Ind. Eng. Chem., 53, 143 (1961) 

Huffman, R.E.,  and Davidson, N., J. A m e r .  Chem. SOC.,  78, 4836 (1956) 

Cher,  M.,  and Davidson, N., J. A m e r .  Chem. SOC., 77, 793 (1955) 

Lamb, A.B., and E l d e r ,  L.W., J. A m e r .  Chem. SOC., 53, 137 (1931) 

S i lverman,  M.P., and E h r l i c h ,  H.L., Advances Appl.  Mic rob io l . ,  5, 153 

(1964) 

S i n g e r ,  P.C., and Stumm, W., P roc .  2nd Symp. Coal Mine Dra inage  Res., 

Mellon I n s t i t u t e ,  P i t t s b u r g h ,  May 1968 

S c o t t ,  R., P r o j e c t  Engineer ,  FWPCA, E l k i n s ,  W. V a . ,  p e r s o n a l  communica- 

t i o n  (1968) 

Monod, J., Recherces  s u r  la Cro i s sance  d e s  C u l t u r e s  Bac te r i ennes ,  Her- 
mann and C ie ,  P a r i s  (1942) 

S i lverman,  M.P., and Lundgren, D.G., J. Bact. ,  77, 642 (1959) 

\ 

10.) Garrels, R.H., and Thompson, M.W., Amer.  J. S c i . ,  m, 57 (1960) 

11.) S a t o ,  M., Econ. Geol., 5, 1202 (1960) 

12.) Temple, K.L., and Delchamps, B.W., A w l .  Microbio l . ,  1, 255 (1953) 



0.0 

-1.0 

4 

1 -2.0 
n x 
a 
a v 

Y 

0 
0 -3.0 

-4.0 

-5 .0 

86 

I I I I I 
k" = - d l o g  [ F e ( I I ) ]  

. d t  - 
Po2 - 0.20 atm. 

Temp. = 2 5 O C  

- E x p e r i m e n t a l  points f 
o b t a i n e d  i n  t!iis s t u d y  

0 exposed  t o  l i g h t  
0 i n  d a r k n e s s  

E x t r a p o l a t i o n  of r a t e  
'lav of Stumn and Lee (1) - / a t  25OC and 0.20 atm. 0 

- 

I I /  I 1 ' 1  

1 2 3 4 5 6 7 
PH 

F i g u r e  1. Oxygenat ion ra te  of  f e r r o u s  i r o n  as a f u n c t i o n  of pH. 
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Figure 4. Reduction o f  f e r r i c  iron by iron pyri te  in the absence o€ oxygen. 
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The Oxygenation o f  I r o n  I1 So lu t ions  

Re la t ionsh ips  t o  Coal Mine Drainage T r e a t m F t  

T. E. S t a u f f e r  and H. L. Love11 

College o f  Ear th  and Mineral Sciences 
The Pennsylvania S t a t e  Un ive r s i ty  

Un ive r s i ty  P a r k ,  Pennsylvania 

. INTRODUCTION 
Most c o a l  mine d ra inage  wa te r s ,  con ta in ing  s u l f u r i c  a c i d ,  i r o n ,  and 

aluminum as major i m p u r i t i e s ,  r e q u i r e  t rea tment  t o  reduce t h e  contam- 
i n a n t  concent ra t ions  t o  m e e t  r e c e n t  S t a t e  r e g u l a t i o n s  p r i o r  t o  t h e i r  
e n t r y  i n t o  n a t u r a l  waterways. The p r e s e n t ,  most widely employed treat- 
ment p rocess  inc ludes  n e u t r a l i z a t i o n  o f  t h e  waters  and subsequent 
o x i d a t i o n  and p r e c i p i t a t i o n  of t h e  i r o n  along wi th  most of t h e  aluminum 
p r e s e n t .  An impurity s ludge  product  i s  sepa ra t ed  f o r  d i s p o s a l .  

I ron  occurs i n  t h e s e  w a t e r s  predominantly as t h e  s o l u b l e  i r o n  (11) 
ion.  Its d e s i r e d  removal as an i n s o l u b l e  hydra ted  f e r r i c  oxide usual ly  
invo lves  a i r  ox ida t ion  w i t h  the a s s o c i a t e d  product ion  o f  f u r t h e r  ac id .  
A knowledge of the o x i d a t i o n  k i n e t i c s  of t h e  i r o n  (11) ion  i s  of s i g -  
n i f i c a n c e  i n  the development of c o n t r o l  measures t h a t  could prevent  
formation of t hese  contaminated waters and i n  provid ing  e f f i c i e n t  
methods o f  treatment.  I n  t h e  t r ea tmen t ,  t h e  parameters involv ing  t h i s  
o x i d a t i o n  n o t  only r e g u l a t e  t h e  r e a c t i o n  rate,  t h u s  process-equipment 
des ign ,  b u t  a l s o  have i m p l i c a t i o n s  regard ing  the  n e u t r a l i z a t i o n  r e a c t i o n s  
and the n a t u r e  of t h e  r e s u l t i n g  sludge. 

This  paper deals wi th  t h e  oxygenation o f  i r o n  (11) i o n s  and 
i n d i c a t e s  t h e  r e l a t i v e  response  of t he  more impor tan t  r e a c t i o n  parameters 
on the measured r a t e s .  I t  i s  taken from a more ex tens ive  s tudy by the  
 author^.^ The exper imenta l  cond i t ions  employed were s i m i l a r  t o  those 
p r e v a i l i n g  i n  the  t r e a t m e n t  of mine drainage.  
s i d e r e d  w e r e :  pH, tempera ture ,  i r o n  concen t r a t ion ,  and aluminum con- 
c e n t r a t i o n .  Aluminum mn mine dra inage  though commonly considered ' 

innocuous as a contaminant,  has  s i g n i f i c a n t  a f f e c t s  dur ing  t reatment .  
There are o t h e r  v a r i a b l e s  which are n o t  d i scussed  h e r e i n  such as s u l f a t e  
concen t r a t ion  and c a t a l y t i c  responses of trace c o n s t i t u e n t s  such as 
copper. 

The parameters con- 

BACKGROUND 

of i r o n  (111) can be r ep resen ted  as follows: 
The oxygenation of i r o n  (11) i o n s  and t h e  subsequent p r e c i p i t a t i o n  

Fe++ + 1/4 0 2  + 5/2 H20 = Fe(OH)3+ + 2H+ (a )  
This  o v e r a l l  r e a c t i o n  invo lves  oxygenation, hydro lys i s ,  and p r e c i p i t a t i o n ,  
o f  which oxygenation, is be l i eved  t o  be t h e  rate-determining s t ep . '  
Stumm's s t u d i e s  of i r o n  (11) i n  the pH range 4 to  8 i n d i c a t e  t h e  oxida- 
t i o n  rate can be desc r ibed  by t h e  following equat ion:  

- d ( F e ( I I ) + + )  = K (Fe (11)++) ( 0 2 )  (OH-) 
d t  

B e l o w  pH 3 , however, t h e  rate l a w  fol lows t h e  equation: 

d t  
- d ( P e ( I I ) + + )  = K ( F e ( I I ) + + )  ( 0 2 )  (C 1 

I n  t h e  pH range 4 t o  8, for a given pH and oxygen concentrat ion,  
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- d ( F e ( I I ) + + )  = k' ( F e ( I 1 )  ) 

where k' = K ( O H - ) 2  (02) 

t h e  rate express ion  becomes : 
++ 

d t  

which r e p r e s e n t s  a f i r s t - o r d e r  r e a c t i o n  r a t e .  

EXPERIMENTAL 
A j acke ted  r e a c t i o n  chamber was employed i n  which a e r a t i o n  w a s  

achieved by introducing a i r  through a f r i t t e d  g l a s s  d i s c  a t  t h e  bottom. 
The  gas  movement provided v i o l e n t  a g i t a t i o n  wi th in  t h e  chamber. Glass 
and calomel e l e c t r o d e s  w e r e  supported through a s topper  a t  t h e  top of 
t he  chamber t o  lead a s i g n a l  t o  a Sargent Recording T i t r a t o r ,  Model D.  
By proper adjustment of a cam l i m i t  switch,  t he  t i t r a t i n g  mechanism 
au tomat i ca l ly  con t ro l l ed  i n j e c t i o n  of t h e  a l k a l i n e  t i t r a n t  (1.5N NaOH)  
t o  maintain a constant  pH. A cons t an t  temperature bath and pump were 
employed t o  c i r c u l a t e  water through the  g l a s s  j a c k e t  surrounding 
chamber t o  maintain a cons t an t  temperature.  A schematic r e p r e s e n t a t i o n  
of t he  apparatus  i s  shown i n  Figure 1. 

Reactant s o l u t i o n s  w e r e  prepared wi th  b o i l e d ,  d i s t i l l e d ,  
de ionized  water and reagent  grade f e r r o u s  s u l f a t e  heptahydra te ,  
Fe(SO4) . 7 H z 0  and hydrated aluminum potassium s u l f a t e ,  AlK(S0h)Z . 1 2 H 2 0 .  Reactant s o l u t i o n s  w e r e  ad jus t ed  t o  pH 2.8 wi th  s u l f u r i c  ac id  
p r i o r  t o  add i t ion  of t he  f e r r o u s  s u l f a t e  s a l t  t o  in su re  ox ida t ion  would 
no t  occur  before  t h e  experiment w a s  i n i t i a t e d .  

Approximately 600 m l  of s o l u t i o n  w e r e  used f o r  each t e s t .  The 
s o l u t i o n s  w e r e  placed i n  t h e  r e a c t i o n  chamber and ae ra t ed  €o r  30 minutes 
t o  ensure s a t u r a t i o n  of t h e  s o l u t i o n  by 0 2 .  The r a t e  of a i r  i n t r o d u c t i o n  
appeared t o  maintain t h i s  s a t u r a t e d  cond i t ion  s i n c e  a p l o t  of t h e  pseudo- 
f i r s t  o r d e r  r e a c t i o n  r a t e s  conformed t o  a s t r a i g h t  l i n e  dependent only 
upon t h e  decrease i n  i r o n  (11) concen t r a t ion .  The r e a c t i o n  r a t e  w a s  
followed by withdrawing samples a t  measured t i m e  i n t e r v a l s ,  dowsing 
them immediately i n  2 m l  of concent ra ted  HC1 and t i t r a t i n g  wi th  potassium 
dichromate s o l u t i o n  t o  determine t h e  concen t r a t ion  of i r o n  (11) i o n .  

I n  the  i n i t i a l  test series only t h e  p H  of t h e  r e a c t i o n  w a s  v a r i e d  
by employing i r o n  s o l u t i o n s  (1000 ppm F e ( 1 I ) ) a t  22OC.  A second series 
was conducted a t  two d i f f e r e n t  l e v e l s  of t h e  fou r  parameters as a z 4  
f a c t o r i a l  experimental  design. The v a r i a b l e  l e v e l s  of t h e  second s e r i e s  
of tests a r e  given i n  Table 1. 

TABLE 1 

VARIABLE LEVELS USED I N  RATE STUDIES 

Var iab le  Min Max 

X I  : pH 5.5 5.7 
x2 : Temp O C  15 25 
x ?  : pprn F e ( I 1 )  4 0 0  800 
x h  : ppm A l ( I I 1 )  200  4 0 0  

The PE values chqsen were those  which gave reasonably measurable 
r a t e s  by t i t r i m e t r i c  techniques.  Addi t iona l  tests were conducted 
employing an i c e  b a t h ,  which v e r i f i e d  the  temperature dependence t o  
5OC.' The concen t r a t ions  of i r o n  and aluminum employed w e r e  r ep re -  
s e n t a t i v e  of l e v e l s  of mine dra inage  waters  i n  Pennsylvania.  
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RESULTS 
The rates f o r  i r o n  s o l u t i o n s  a t  cons t an t  PH were found t o  conform 

t o  a pseudo-f i r s t -order  r e a c t i o n  as ind ica t ed ,  by equat ion  (d)  . 
r e a c t i o n  rate cons t an t s ,  k ' ,  a r e  l i s t e d  i n  Table 2.  

The 

TABLE 2 

RATE CONSTANTS FOR OXYGENATION OF IRON (11)'' CONSTANT pH 

PH k '  (min-' x 

4.50 1.5 
4.70 263. 
4.75 348. 
4.80 517. 
5.10 809. 
5.18 1 1 9 0 .  
5.35 3030. 

I ron  (II>++ = 1 0 0 0  ppm. T = 2 2 0 ~  

The r e a c t i o n  rate curves  (shown i n  Figure 2 )  a r e  represented  by 

I n  ( F e ( I I I t ) =  In  ( F e ( I I ) o ) -  k ' t  

where F e ( I I ) t  = % F e ( I 1 )  remaining a t  t i m e  t ( i n  minutes) 

t h e  fo l lowing  func t ion:  
(e)  

The least-squares-method w a s  used t o  e s t a b l i s h  k '  va lues  ( t h e  
s lopes  of  t h e  c u r v e s ) ,  however, t h e  concen t r a t ion  a t  t = o was no t  
used due to  the  b i a s  t h a t  would have been c rea t ed  during t h e  i n i t i a l  
phase of the r e a c t i o n  wh i l e  t h e  hydroxyl i on  concen t r a t ion  was changing. 

There w a s  n e a r l y  2000-fold i n c r e a s e  i n  t h e  r e a c t i o n  r a t e  wi th  a 
pH i n c r e a s e  from 4.50 t o  5.35. The change i n  r a t e  with pH appears  t o  
be n e a r l y  l i n e a r  between 4.5 and 5.1 wi th  a very  major i n c r e a s e  occurr ing  
wi th in  t h e  next  few hundre ths  of  a u n i t ,  a t t a i n i n g  r a t e s  which could 
not  be eva lua ted  b y  t h e  experimental  procedures  employed. 

The in t roduc t ion  of  i r o n  concen t r a t ion ,  aluminum concen t r a t ion ,  
and temperature  as a d d i t i o n a l  parameters  developed major changes i n  t h e  
r e a c t i o n  rate. Table  3 p r e s e n t s  t h e  l e v e l s  of  v a r i a b l e s  and t h e  ca l -  
c u l a t e d  r a t e  cons t an t s ,  k ' ,  f o r  t h e s e  tests i n  t h e  experimental  design.  
With t h e  subsequent obse rva t ions  i t  i s  cr i t ical  to  stress t h a t  i r o n  (11) 
ion  concen t r a t ion  a t  t = o was n o t  used t o  c a l c u l a t e  k ' .  The f o u r  
r e a c t i o n  rate curves shown i n  Figure 3 are t y p i c a l  of t h e  p l o t s  f o r  
a l l  of  t he  tests. 

I t  appears from t h e  curves  of  t hese  r e a c t i o n s  t h a t  dur ing  t h e  
i n i t i a l  phase,  i .e .  wi th  t h e  in t roduc t ion  of a l k a l i  u n t i l  t h e  p a r t i c u l a r  
d e s i r e d  pH w a s  reached ,  e i t h e r  a d i f f e r e n t  r e a c t i o n  r a t e  o r  r e a c t i o n  
mechanism was t ak ing  place than  t h e  one p l o t t e d  f o r  t he  r e a c t i o n  a t  a 
cons t an t  pH. The i n i t i a l  r a t e  i s  much more r a p i d  than t h a t  e s t a b l i s h e d  
a t  c o n s t a n t  p H .  The cu rves  e x t r a p o l a t e  only t o  60-85 percent  of  t he  
known i ron  (11) concen t r a t ion  a t  t = 0. 

During t h i s  i n i t i a l  phase,  t h e  a l k a l i  w a s  i n j e c t e d  i n t o  t h e  
r e a c t a n t  s o l u t i o n  a t  the m a x i m u m  rate a t t a i n a b l e  wi th  t h e  equipment 
(3 .5  ml/min). 
r a t e  w a s  employed (1/3 ml/rnin.). The lapsed  t i m e  f o r  t h e  i n i t i a l  

When t h e  d e s i r e d  pH w a s  reached,  t h e  minimum i n j e c t i o n  
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TABLE 3 

LEVELS OF ALL VARIABLES AND RATE CONSTANTS FOR EACH OXIDATION 
RATE TEST WITH ALUMINUM PRESENT 

E-1 
E- 2 
E- 3 
E- 4 
E- 5 
E- 6 
E- 7 
E- 8 
E- 9 
E-10 
E-11 
E-12 
E-13 
E-14 
E- 15 
E-16 

~ 

5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 

15 
15 
25 
25 
15 
15 
25 
25 
15 
15 
25 
25 
15 
15 
25 
25 

400 
400 
400 
400 
800 
800 
800 
800 
400 
400 
400 
400 
800 
800 
800 
800 

200 
200 
200 
200 
200 
200 
200 
200 
4 0 0  
400 
400 
400 
400 
400 
400 
400 

11.0 
50.9 
66.5 
583. 
102. 
1930. 
1060. 
6870. 

5.6 
31.8 
23.4 

35.2 
239. 

123. 
333. 
1780. 

alkali introduction during the multiparameter tests was slightly longer 
(3-4 min.) than during the pure iron solution tests (2-3 min.). 

During the initial rapid injection of alkali, a typically greenish 
precipitate (assumed to be ferrous hydroxide) was formed at the point of 
injection, due to the high localized concentration of hydroxyl ions in 
this region. When no aluminum was present, it appeared that the reac- 
tion rate was not appreciable different during this initial phase than 
after the desired reaction pH was reached. 

Thus it seems that the presence of aluminum ions in the reactant 
solution somehow modifies the oxidation rate of iron (11) in a complex 
manner. 
and Fe(II1) has been investigated by Kakabadse and Whinfrey.' Their 
results show that A1(OH)3 changes the rate of precipitation of Fe(OH), 
but does not interfere with Fe(OH)2precipitation. 

The effect of aluminum hydroxide on the hydrolysis of Fe(I1) 

The oxidation rate of iron (11) ion continues to increase with 
pH beyond 5.35 to 5.7 even in the presence of aluminum ions. A loo 
temperature increase resulted in a similar change in the oxidation rate 
by a factor between 3 and 15 times. This temperature dependence was 
indicated over the temperature range between 5 to 25OC. 

The reaction rate constant may appear to vary with the initial 
iron (11) concentration. However, as the reaction rate for pure iron 
solution was first-order with respect to iron (11) concentration, the 
rate constant is independent of the initial iron (11) concentration 
(see equation d) . With interference of A1 ( O H ) 3  ' on the hydrolysis 
rate of iron (III), these changes in the measured rate constant must 
be attributed to changes in the Fe(I1):Al ratio,+$.e. the overall 
oxidation-hydrolysis reaction rate of iron (11) 1s proportion to 
this ratio. Consequently, it was found that a two-fold increase in 
the Fe(I1):Al ratio resulted in increases in the oxidation rate of 
iron (11) ion between 2 and 40 fold. The effect on reaction rates of 
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aluminum concent ra t ion  i n c r e a s i n g  corresponds wi th  a decreas ing  i r o n  
c o n c e n t r a t i o n ,  temperature  and pH. 

A notable  consequence of t h i s  s tudy  w a s  t h e  observa t ion  t h a t  t h e  
oxida t ion  ra te  dur ing  t h e  i n i t i a l  few minutes of t h e  r e a c t i o n ,  while  
Fe(0H)z w a s  forming and o x i d i z i n g ,  was extremely r a p i d  and d i d  not  
appear t o  be a f f e c t e d  by the ppesence of aluminum, even though t h e  
A 1  (OH) 3 p r e c i p i t a t e  w a s  observed,  also, dur ing  t h i s  per iod  and through- 
o u t  t h e  test. A proposed explana t ion  i s  schematical ly  represented  as 
fo l lows  : 

Hydrolysis 
Uninhibi ted 
by A 1  ( O H )  3 

Hydrolysis 
i n h i b i t e d  by 
i n t e r f e r e n c e  
of A 1  (OH)  3 

Pe(OH)z 07 p Fe (111) -C p r e c i p i t a t e  
(b)  

F a s t e r  
Reaction (d) i n  t h i s  schematic diagram is slowed due t o  t h e  in-  

h i b i t i o n  of the h y d r o l y s i s  r e a c t i o n  (c) caused by t h e  i n t e r f e r e n c e  of 
A 1  (OH) 3 .  Reaction (b) , on t h e  o t h e r  hand, c o n t i n a e s  a t  t h e  same rela- 
t i v e  rate as it would r e g a r d l e s s  o f  t h e  presence o f  aluminum. 

Accordingly when aluminum occurs  i n  mine drainage water  a s  a 
major c o n s t i t u e n t  i t  is a n t i c i p a t e d  t h a t  reaction r a t e s  dur ing  treat- 
ment w i l l  be g r e a t l y  r e t a r d e d .  I f  t h e  above proposal  i s  a c c u r a t e ,  
s u p e r i o r  resul ts  should r e s u l t  when t h e  w a t e r s  are completely n e u t r a l i z e d  
and t h e  F e ( I 1 )  p r e c i p i t a t e d  a s  t h e  hydroxide p r i o r  t o  t h e  oxygenation 
step,  i .e .  the p H  be k e p t  as h igh  as f e a s i b l e  s u b j e c t  t o  o t h e r  v a r i a b l e s  
+d processes. F u r t h e r  s t u d i e s  are being planned t o  r e s o l v e  and quant i fy  
t h e s e  r e l a t i o n s h i p s  which can r e s u l t  i n  major changes i n  process  
condi t ions  . 
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I n t r o d u c t i o n  

The concept of d i s p o s i n g  of l i q u i d  i n d u s t r i a l  was tes  by deep-well  i n j e c t i o n  
i s  n o t  a new one. During t h e  p a s t  t e n  y e a r s ,  a v a r i e t y  of i n d u s t r i e s  have re- 
s o r t e d  t o  subsu r face  d i s p o s a l ,  some of t h e  d e t a i l s  of which a r e  g iven  e l sewhere l ,* .  
The list r e v e a l s  w i d e  v a r i a t i o n s  i n  i n j e c t i o n  r a t e ,  pumping p r e s s u r e ,  c o s t ,  and 
w a s t e  d i s p o s i t i o n .  Enactment of more r e s t r i c t i v e  c l ean  water  l e g i s l a t i o n  i n  
Pennsylvania  r e c e n t l y  had a g r e a t  impact on t h e  c o a l  i n d u s t r y .  When a f e a s i b i l i t y  
s tudy  of deep-well d i s p o s a l  w a s  proposed to  t h e  Pennsylvania  Department of Mines 
and Minera l  I n d u s t r i e s ,  t h e  Coal Research Board approved it. 
p o t e n t i a l  of deep-well d i s p o s a l ,  geo log ic  s t u d i e s  were under taken .  

To e v a l u a t e  the 

Contiguous wi th  t h e  bituminous producing  a r e a s  of Western Pennsylvania  a r e  
a g r e a t  number of format ions  con ta in ing  pe t ro leum and n a t u r a l  g a s .  This  w a s  a 
mixed b l e s s i n g :  p rov id ing  impor tan t  i n fo rma t ion  from numerous d r i l l  h o l e s  but  
p r e s e n t i n g  a s e r i o u s  l e g a l  problem of wa te r  d i s p o s a l .  With t h e  a i d  of hundreds 
of d r i l l e r ' s  l ogs ,  fou r  c ros s - sec t ions  were cons t ruc t ed  through southwes tern  Penn- 
s y l v a n i a  t o  determine p o t e n t i a l  w a t e r  d i s p o s a l  s t ra ta .  From t h e  c ros s - sec t ions  
and a l l  o t h e r  a v a i l a b l e  geo log ic  d a t a  i t  appeared  t h a t  t h e  Homewood sands tone  and 
Connoquenissing sands tone ,  r e f e r r e d  t o  c o l l e c t i v e l y  as t h e  " S a l t  Sands'' by most 
d r i l l e r s ,  were very promis ing  d i s p o s a l  fo rma t ions  because: they  under ly  a l l  c o a l  
seams; no commercially p roduc ib le  mine ra l s  a r e  p r e s e n t  i n  t h e  fo rma t ions ;  t he  
format ions  conta ined  b r i n e  under n e a r l y  h y d r o s t a t i c  p r e s s u r e ;  d r i l l e r ' s  l ogs  i n -  
d i c a t e d  h igh  p o r o s i t y  and p e r m e a b i l i t y  and adequate  t h i c k n e s s  over  a l a r g e  a r e a ;  
t h e  S a l t  Sands a-re bordered  by impermeable rocks ;  and t h e  fo rma t ions  w e r e  a t  a 
sha l low depth  of about 1500 f t .  

A f t e r  viewing t h e  f e a s i b i l i t y  r e p o r t 2 ,  t h e  Bethlehem Mines Corpora t ion ,  a 
s u b s i d i a r y  of t h e  Bethlehem S t e e l  Corpora t ion ,  agreed  t o  coope ra t e  i n  deve loping  
a test d i s p o s a l  w e l l  a t  i ts  No. 58 Mine. Subsurface  con tour  maps i n d i c a t e d  that 
t h e  S a l t  Sands were approximate ly  130 f e e t  t h i c k  a t  t h e  proposed w e l l  s i t e  and 
were covered by 1400 f e e t  of overburden. The e x a c t  p o s i t i o n  of t h e  w e l l  was 
chosen between t h e  mine d i scha rge  p o i n t  and a 1,500,000 g a l l o n  emergency s t o r a g e  
pond on t he  s u r f a c e  t h a t  co inc ided  w i t h  t h e  l o c a t i o n  of a r e c t a n g u l a r  p i l l a r  i n  
t h e  mine, Fig.  1. Th i s  s e l e c t i o n  would pe rmi t  an underground i n s t a l l a t i o n  of 
t h e  pumping u n i t  i f  t h e  d i s p o s a l  technique  proved f e a s i b l e .  It a l s o  w a s  a good 
s u r f a c e  choice  a l lowing  adequate  s ludge  pond c o n s t r u c t i o n ,  proximi ty  t o  a c i d  
water d i scha rge  and a supply  of f r e s h  wa te r  f o r  p re l imina ry  t e s t i n g .  Bethlehem 
o f f e r e d  t o  f inance  completely the  development, comple t ion ,  t e s t i n g ,  equipping 
and o p e r a t i o n  of t h e  w e l l .  Ownership and s u p e r v i s i o n  of t h e  w e l l  were t o  remain 
Bethlehem's r e s p o n s i b i l i t y ,  b u t  t h e  in fo rma t ion  ob ta ined  from t h e  w e l l  was t o  be 
r e l e a s e d  t o  t h e  g e n e r a l  p u b l i c  through t h e  Coal Research Board. The Department 
of Mining a t  Penn S t a t e  was t o  a c t  a s  t he  agen t  of  t h e  Coal Research Board f o r  
t h i s  p r o j e c t ,  and a l s o  was t o  a s s i s t  Bethlehem i n  an eng inee r ing  c a p a c i t y  

Exper imenta l  Well Development 

Appropr ia te  s u r f a c e  arrangements were made and c a b l e  t o o l  d r i l l i n g  began. 
A 20-inch b i t  w a s  used t o  p e n e t r a t e  t h e  25 f e e t  of unconsol ida ted  material be- 



tween the s u r f a c e  and bedrock ,  and a 16-inch conductor p i p e  w a s  s e t  t o  p reven t  
s p a l l i n g  of l oose  m a t e r i a l  i n t o  t h e  h o l e ,  F ig .  2 .  p r i l l i n g  cont inued  t o  a 
dep th  of 535 f e e t  w i t h  a 13 3/8-inch b i t ,  p e n e t r a t i n g  t h e  P i t t s b u r g h  c o a l  seam 
between t h e  depths  of 497 and 502 f e e t .  D r i l l  c u t t i n g s  were removed by b a i l i n g  
ou t  t he  h o l e  wi th  a c o n v e n t i o n a l  "da r t "  b a i l e r .  
t h e s e  c u t t i n g s  were d r i e d  and v i s u a l l y  examined t o  de te rmine  t h e  rock types  
p e n e t r a t e d .  In a d d i t i o n ,  t h e  d r i l l  r i g  o p e r a t o r  kept  a " d r i l l e r ' s  log" of t h e  
s u b s u r f a c e  u n i t s  encountered .  Th i s  l a t t e r  r eco rd  was based p r i m a r i l y  on rela- 
t i v e  d r i l l i n g  r a t e s .  Ten-inch H40 s t e e l  c a s i n g  w a s  set from a depth  of 532 
f e e t  t o  t h e  s u r f a c e  and was cemented i n  p l a c e  w i t h  c i r c u l a t e d  cement i n  ac- 
cordance  w i t h  the O i l  and G a s  Laws of t h e  Commonwealth. 

Represen ta t ive  samples of 

Cable t o o l  d r i l l i n g  con t inued  below t h e  535-foot depth  us ing  a ten-inch 
b i t  t o  a dep th  of 1302 f e e t .  C u t t i n g  samples were a l s o  c o l l e c t e d  d u r i n g  t h i s  
phase  o f  d r i l l i n g ,  and t h e  d r i l l e r ' s  l og  s i m i l a r l y  was recorded. Examination 
of t h e s e  two records  i n d i c a t e d  t h a t  cons ide rab le  disagreement e x i s t e d  i n  t h e  
i n d e n t i f i c a t i o n  of t h e  s t r a t i g r a p h i c  sequence encountered .  Both logs showed, 
however, t h a t  t he  s t r a t a  encoun te red  were beds of s ands tone ,  s h a l e ,  l imes tone ,  ! 

c l a y s t o n e  and coa l  of v a r y i n g  t h i c k n e s s  and o r d e r  of d e p o s i t i o n ,  and both  logs  
showed t h e  presence  o f  a t  least 30 f e e t  of s h a l e  cap rock  above t h e  1302-foot 
l e v e l .  A f t e r  Ca l ipe r  and fo rma t ion  d e n s i t y  logs  were performed on t h e  uncased 
p o r t i o n  of t h e  w e l l  between 532 f e e t  and 1302 f e e t ,  a seven-inch 555 s teel  
c a s i n g  was cemented throughout  t h e  e n t i r e  h o l e .  
fo l lowed i n  the i n t e r v a l  from 1302 t o  1588 f e e t  p rovided  2 5/16-inch d iameter  
c o r e s ,  a f t e r  which t h e  co red  zone w a s  en la rged  t o  a d iameter  of 6 1 / 2  i nches  by 
reaming the w e l l  t o  the 1565-foot depth .  Examination of t he  c o r e s  d i s c l o s e d  
t h a t  much less sands tone  e x i s t e d  i n  t h i s  zone than  had been expec ted .  Although 
t h e  l i t h o l o g y  of t h i s  zone w a s  q u i t e  complex, i t  could b e  approximated and is 
p resen ted  i n  Table 1. 

Diamond core  d r i l l i n g  which 

Table  1 

General L i tho logy  of Cored I n t e r v a l  of D i sposa l  Well 

Depth From S u r f a c e  ( F e e t )  Rock Desc r ip t ion  

1302 - 1314 Sha le  
1314 - 1365 F i r s t  S a l t  Sand * 
1365 - 1428 Sha le  and S i l t s t o n e  
1428 - 1518 Second S a l t  Sand ** 
1518 - 1547 Sha le  wi th  Minor Coal 
1547 - 1565 Maxton Sand *** 
1565 - 1588 Sha le  and Clays tone  

* In t e rbedded  s h a l e ,  s i l t s t o n e ,  c l a y s t o n e  and 
minor s a n d s t o n e  (16 f e e t ) .  ** Approximately 64 f e e t  of s ands tone  wi th  minor 
s h a l e  and s i l t s t o n e .  

*** E n t i r e  i n t e r v a l  sands  tone .  

The combined th i ckness  of s a n d s t o n e  i n  t h e  S a l t  Sands w a s  80 f e e t ,  cons iderably  
less than  t h e  130 f e e t  p r e d i c t e d  by the  i sopach  map o f  t h e s e  u n i t s .  The Maxton 
sand f u r n i s h e d  an a d d i t i o n a l  18 f e e t  of s ands tone  t o  make the  t o t a l  of 98 f e e t  of 
uncased sands tone  i n  t h e  w e l l .  S t r a t a  encountered  i n  t h e  proposed d i s p o s a l  zone 
were q u i t e  d i f f e r e n t  than  t h o s e  recorded  f o r  t h r e e  nearby gas w e l l s .  

Dens i ty ,  Guard and Nuclear  Logs were run t o  de termine  p o r o s i t y  and wa te r  
s a t u r a t i o n  of t he  fo rma t ions  p e n e t r a t e d  by t h e  w e l l .  A 3-Dimensional Veloc i ty  
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Log was performed t o  de te rmine  t h e  q u a l i t y  of t h e  bond between t h e  cement and 
t h e  seven-inch cas ing .  The w e l l  was b a i l e d  d r y  f o l l o w i n g  t h e  logging  program. 
Subsequent b a i l i n g s  revea led  t h a t  water from t h e  uncased i n t e r v a l  was e n t e r i n g  
t h e  w e l l  a t  rates between 8 . 5  and 10 g a l l o n s  p e r  hour .  T h i s  was cons idered  an  
e x c e p t i o n a l l y  low i n f l u x  of w a t e r  f o r  t h e  S a l t  Sands. 

S e v e r a l  a s p e c t s  of t h e  w e l l  were n o t  as f a v o r a b l e  as had been expec ted  
p r i o r  t o  w e l l  development. 
ness  of t h e  sandstone u n i t s  i n  t h e  proposed d i s p o s a l  zone and the  low p o r o s i t y  
of t h e s e  u n i t s .  A low i n f l u x  of formation water i n  t h e  w e l l  a l s o  was a p o i n t  
of concern.  A washout o f  c l a y s t o n e  beds i n  t h e  uncased p a r t  of the  w e l l  a lso 
p r e s e n t e d  a p o t e n t i a l  problem i n  t h e  maintenance of t h e  w e l l  under  i n j e c t i o n .  
N e v e r t h e l e s s ,  s i n c e  t h e  w e l l  r e p r e s e n t e d  an  inves tment  of  $40,000 a t  t h i s  s t a g e ,  
a d e c i s i o n  w a s  made t o  proceed w i t h  f r e s h  water i n j e c t i o n  tests on t h e  d i s p o s a l  
w e l l .  

The main p o t e n t i a l  problems were the  r e l a t i v e  t h i n -  

Water I n j e c t i o n  Tests 

T r e a t e d  and f i l t e r e d  munic ipa l  water w a s  i n j e c t e d  through t h e  seven-inch 
c a s i n g  i n t o  t h e  e n t i r e  uncased p o r t i o n  of t h e  w e l l  below the 1302-foot depth .  
No f low occurred  u n t i l  a pumping p r e s s u r e  of  1550 p s i g  was reached ,  a t  which 
p o i n t  water began t o  e n t e r  t h e  w e l l  a t  t h e  approximate ra te  of 84 g a l l o n s  p e r  
minute  (gprn). 
f low r a t e  i n c r e a s i n g  t o  150 gpm w i t h  a pumping p r e s s u r e  i n  t h e  range  of 1700- 
1800 p s i g .  
j e c t i o n  t e s t  t o  determine which zones i n  t h e  w e l l  were t a k i n g  f l u i d .  The l o g  
c h a r t  i n d i c a t e d  t h a t  most of t h e  i n j e c t e d  f l u i d  i n i t i a l l y  w a s  l e a v i n g  t h e  w e l l  
between t h e  depths  of 1472 and 1485 f e e t .  A s  t h e  i n j e c t i o n  r a t e  was i n c r e a s e d ,  
o t h e r  zones i n  the  w e l l  began t o  t a k e  water, s p e c i f i c a l l y  t h e  i n t e r v a l  f rom 1496 
t o  1508 f e e t  and t h e  caved zone between 1340 and 1350 f e e t .  

This  phase of t h e  t es t  was cont inued  a l i t t l e  over 2 h o u r s ;  the 

A r a d i o a c t i v e  tracer l o g  was  run  s imul taneous ly  wi th  t h e  i n i t i a l  in-  

Fresh water i n j e c t i o n  w a s  resumed and cont inued  f o r  an a d d i t i o n a l  p e r i o d  of 
approximately 4 1 / 2  hours .  
f l u c t u a t e d  from 1475 t o  1940 p s i g .  A t o t a l  of  48;654 g a l l o n s  of f r e s h  water was. 
i n j e c t e d  d u r i n g  t h i s  n e a r l y  7-hour p e r i o d  w i t h  no apparent  change i n  t h e  hydrolog- 
ical p r o p e r t i e s  of t h e  d i s p o s a l  zone. There was concern f o r  t h e  magnitude of 
t h e  pumping p r e s s u r e s .  
d u r i n g  t h e  i n j e c t i o n  tes t  v a r i e d  from 1650 t o  1940 p s i g  as opposed t o  a ca lcu-  
l a t e d  t h e o r e t i c a l  w e l l  head pumping p r e s s u r e  of  approximate ly  600 p s i g .  
s u l t  of t h e  h igh  i n j e c t i o n  p r e s s u r e  encountered  d u r i n g  t h i s  f i r s t  test ,  a d e c i s i o n  
was made t o  h y d r a u l i c a l l y  f r a c t u r e  t h e  uncased p a r t  of t h e  w e l l .  
m a t e r i a l  w a s  i n j e c t e d  d u r i n g  t h e  f r a c t u r e  t r e a t m e n t  t o  i n d i c a t e  the l o c a t i o n  of 
t h e  f r a c t u r e .  Approximately 30,000 g a l l o n s  of f r e s h  water and 34,000 pounds of 
20-40 mesh sand were used i n  t h e  treatment. Radioac t ive  beads  were added t o  t h e  
i n j e c t e d  sand d u r i n g  t h e  t a i l i n g - i n  p e r i o d  of t h e  o p e r a t i o n .  Although the high- 
es t  p r e s s u r e  recorded d u r i n g  t h e  f r a c t u r e  t r e a t m e n t  w a s  2200 p s i g ,  f low rates  
d u r i n g  t h e  t rea tment  were a s  h igh  as 1500 gpm i n  t h e  p r e s s u r e  range  of 1500-1600 
p s i g .  
were used. 

Flow rates v a r i e d  from 9 3  t o  218 gpm and t h e  p r e s s u r e  

A t  d i s p o s a l  c a p a c i t y  of  150 gpm, t h e  p r e s s u r e s  recorded  

As a re- 

Radioac t ive  

T h i s  l a r g e  flow w a s  l a r g e l y  due t o  t h e  f a c t  t h a t  f o u r  l a r g e  pumping t r u c k s  

The w e l l  was al lowed t o  back f low f o l l o w i n g  t h e  f r a c t u r e  t r e a t m e n t  t o  re- 
lease t h e  p r e s s u r e  build-up i n  t h e  d i s p o s a l  zone. A r a d i o a c t i v e  tracer l o g  was 
run on t h e  w e l l  t o  a t t e m p t  t o  l o c a t e  t h e  f r a c t u r e  and t o  de te rmine  i t s  o r i e n t a -  
t i o n .  The l o g  c h a r t  i n d i c a t e d  a h igh  r a d i o a c t i v i t y  l e v e l  a t  a d e p t h  of 1508 f e e t  
which was i n t e r p r e t e d  t o  r e s u l t  from r a d i o a c t i v e  beads mixed with sand  h o l d i n g  a n  
induced f r a c t u r e  open. This f r a c t u r e  was thought  t o  be  o r i e n t e d  h o r i z o n t a l l y , ,  as 



t h e  r a d i o a c t i v e  peak was c o n f i n e d  t o  a s m a l l  v e r t i c a l  i n t e r v a l .  According t o  
t h i s  i n t e r p r e t a t i o n ,  t h e  w e l l  had been f r a c t u r e d  a t . o n e  of t h e  most porous and 
permeable zones. A second f r e s h  water i n j e c t i o n  test w a s  run t o  determine i f  
t h e  f r a c t u r e  had improved the f low c h a r a c t e r i s t i c s  of t h e  w e l l .  The test began 
a t  an  i n j e c t i o n  ra te  of 147 gpm a t  a w e l l  head p r e s s u r e  of 600-800 p s i g .  
f low r a t e  w a s  main ta ined  a t  150 2 10 gpm f o r  the d u r a t i o n  of t h e  tes t .  The in -  
j e c t i o n  p r e s s u r e  g r a d u a l l y  rose t o  1800 p s i g  d u r i n g  t h e  f i r s t  1 1 / 2  hours  and 
l e v e l e d  o f f  a t  t h i s  v a l u e .  T h e t e s t  was s topped  one-half hour  l a te r  a f t e r  
15,942 g a l l o n s  of  water had been pumped into the w e l l  because  i t  was assumed 
t h a t  t h e  h i g h  pumping p r e s s u r e  may have been caused by f i n e  p a r t i c l e s  i n  t h e  
w e l l  p lugging  t h e  p o r e s  of t h e  sands tone  beds .  Thus t h e  w e l l  was al lowed t o  
back f low i n  t h e  hope t h a t  the f low o f  water o u t  of t h e  d i s p o s a l  zone would re- 
move any loose p a r t i c l e s  i n  c o n t a c t  w i t h  t h e s e  format ions .  Flow of water  from 
t h e  w e l l  cont inued f o r  about  f o u r  hours  when t h e  w e l l  w a s  s h u t  i n .  

A 

Attempts  t o  b a i l  down t h e  w e l l  t h r e e  days l a te r  r e v e a l e d  t h a t  f r e q u e n t  
b r i d g i n g ,  o r  p lugging ,  of the h o l e  was o c c u r r i n g  below t h e  1350-foot l e v e l .  This  
b r i d g i n g  could  b e  knocked free by running  t h e  d r i l l  b i t  down the  w e l l .  Pebble  t o  
cobble  s i z e d  p i e c e s  of  c l a y s t o n e ,  s i m i l a r  i n  c o l o r  t o  s i l t  observed i n  t h e  back 
f low a f t e r  t h e  second i n j e c t i o n  t es t ,  were removed from t h e  b a i l e r .  This  rock 
was i d e n t i f i e d  as c l a y s t o n e  from t h e  s p a l l e d  zone between t h e  depths  of 1340 and 
1351 f e e t .  This development i m p l i c a t e d  two t h r e a t s  t o  t h e  f u t u r e  of t h e  w e l l .  
One, f i n e  c l a y  p a r t i c l e s  f rom t h e s e  zones could permanently p l u g  t h e  pores  of the 
sand  f a c e .  The second p o s s i b i l i t y  was that a c o n t i n u a t i o n  of s p a l l i n g  of t h i s  
c l a y  zone c o u l d  i n i t i a t e  l a r g e  scale caving ,  r e s u l t i n g  i n  t h e  loss  of the  w e l l .  
T h e r e f o r e ,  a b r i d g e  p l u g  was set a t  a depth of  1370 f e e t ,  about  20 f e e t  below the 
caved area,  and cement was  i n t r o d u c e d  i n t o  the w e l l  from the  b r i d g e  p lug  upward 
t o  a depth  of 1205 f e e t .  A f t e r  t h e  cement had s e t  f o r  f o u r  d a y s ,  i t  w a s  d r i l l e d  
o u t  w i t h  a 6 1/2-inch b i t ,  h o p e f u l l y  l e a v i n g  an  i r r e g u l a r  "doughnut-shaped'' p lug  
of cement i n  each of t h e  caved areas. The b r i d g e  p lug  a l s o  was d r i l l e d  o u t  a t  
t h i s  t i m e .  A c a l i p e r  l o g  w a s  run  on t h e  uncased p o r t i o n  of t h e  w e l l  t o  determine 
t h e  e f f e c t i v e n e s s  of  t h e  cementing o p e r a t i o n .  A comparison of  t h i s  l o g  w i t h  t h e  
p r e v i o u s  c a l i p e r  l o g  i n d i c a t e d  tha t  the cement had b locked  o f f  a t  least p a r t  of  
t h e  lower c l a y  seam, b u t  gave  i n c o n c l u s i v e  ev idence  r e g a r d i n g  t h e  upper  seam. 

A t h i r d  i n j e c t i o n  test w a s  then  performed t o  determine i f  t h e  p a r t i a l  s e a l i n g  
of t h e  caved area would r e s u l t  i n  lower pumping p r e s s u r e s .  Approximately 46,000 
g a l l o n s  of  f r e s h  water were pumped i n t o  t h e  d i s p o s a l  zone a t  i n j e c t i o n  r a t e s  from 
105 t o  250 gpm. Very l i t t l e  p r e s s u r e  change w a s  recorded  f o r  t h e  v a r i o u s  f low 
rates used ,  the p r e s s u r e  remaining i n  t h e  range of  1800 t o  2000 p s i  through t h e  
f ive-hour  tes t .  T h e r e f o r e ,  a d e c i s i o n  was made t o  h y d r a u l i c a l l y  f r a c t u r e  an i s o -  
l a t e d  zone i n  the  w e l l .  Examinat ion of t h e  c o r e  r e c o r d s  showed t h a t  the  i n t e r v a l  
from 1480 t o  1520 f e e t  had t h e  h i g h e s t  p o r o s i t y  and p e r m e a b i l i t y  and should  b e  
most r e c e p t i v e  t o  a f r a c t u r e  t r e a t m e n t .  T h e r e f o r e ,  i t  was decided t o  i s o l a t e  
t h i s  zone, notch and f r a c t u r e  i t ,  and conduct a n o t h e r  i n j e c t i o n  tes t .  The zone 
was i s o l a t e d  from t h e  lower p a r t  of  t h e  w e l l  by f i l l i n g  the  w e l l  w i t h  a cement 
mixture  of C a l s e a l  and Hydromite below t h e  1520-foot l e v e l .  A r e t r i e v a b l e  packer  
was s e t  a t  a depth o f  1482 f e e t  on 3 1/2-inch c a s i n g  t h a t  r a n  from t h e  packer  t o  
t h e  s u r f a c e .  The s e t t i n g  o f  t h i s  packer  completed t h e  i s o l a t i o n  of t h e  zone t o  
be f r a c t u r e d .  Notching p i p e  was run i n t o  t h e  zone through t h e  3 1/2-inch c a s i n g  
and t h e  zone was h y d r a u l i c a l l y  notched  a t  1491,  1492 and 1493 f e e t .  The notches  
were c u t  i n  an a t tempt  t o  c r e a t e  a locus  f o r  f r a c t u r e  i n i t i a t i o n .  

The f r ac tu re  t r e a t m e n t  was des igned  t o  r u p t u r e  t h e  sands tone  and then  p l a c e  
40,000 pounds of s a n d ,  suspended i n  30,000 g a l l o n s  of w a t e r ,  i n  the  f r a c t u r e s  as  
a propping agent .  Formation breakdown p r e s s u r e  f o r  t h i s  t rea tment  w a s  3000 p s i g .  
N a t e r  and sand were pumped i n t o  t h e  w e l l  a t  a f low r a t e  of about  850 gpm a t  2500 
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p s i g  u n t i l  t h e  t r e a t m e n t  was about  75 p e r  c e n t  completed. A t  t h i s  t i m e  water 
w a s  observed f lowing o u t  of t h e  top of t h e  w e l l  from t h e  annulus  between the 
seven-inch c a s i n g  and t h e  t h r e e  and one-half-inch tub ing .  T h i s  f low w a s  con- 
t inuous  and i n c r e a s e d  i n  volume. The f r a c t u r e  t r e a t m e n t  was concluded a f t e r  
34,000 pounds o f  sand and 26,000 g a l l o n s  o f  water had been  pumped i n t o  the 
w e l l  as t h e  b e n e f i t s  t o  b e  d e r i v e d  from f u r t h e r  pumping were dubious.  T h i s  
l e a k  i n d i c a t e d  t h a t  water w a s  e n t e r i n g  t h e  format ion ,  by-passing t h e  packer ,  
r e - e n t e r i n g  t h e  w e l l  b o r e  and f lowing  t o  t h e  s u r f a c e ,  F i g .  2. An induced 
v e r t i c a l  f r a c t u r e ,  which b r i d g e d  t h e  packer ,  would cause  t h i s  t y p e  of  flow 
p a t t e r n .  The p o s s i b i l i t y  of a wash-out around t h e  packer  seemed u n l i k e l y ,  as 
t h e  rock  a t  t h i s  depth appeared competent enough t o  w i t h s t a n d  r a p i d  e r o s i o n .  

A f t e r  t h e  p r e s s u r e  had been b l e d  o f f  t h e  w e l l ,  t h e  packer  w a s  unsea ted  

Fresh  water i n j e c t i o n  w a s  resumed a f t e r  t h e  p a c k e r  had been  reset. 

A f t e r  12,700 g a l l o n s  of water  had been i n j e c t e d ,  water  a g a i n  began t o  

and reset a t  t h e  depth  of  1480 f e e t  i n  an a t t e m p t  t o  i so l a t e  t h e  e n t i r e  f r a c -  
t u r e .  The 
f low rate v a r i e d  from 145 t o  160 gpm and the p r e s s u r e  ranged from 1600 t o  1700 
p s i g .  
f l o w  o u t  o f  t h e  annulus  a t  t h e  top  of  t h e  w e l l .  I n j e c t i o n  w a s  h a l t e d  and t h e  
packer  w a s  r a i s e d  and reset a t  t h e  depth  of 1472 f e e t .  I n j e c t i o n  i n t o  the w e l l  
began a g a i n  a t  t h e  rate of  150 gpm. The pumping p r e s s u r e  ranged from 1600 t o  
1800 ps ig .  A f t e r  t h e  i n j e c t i o n  of 18,400 g a l l o n s  of  water, t h e  l e a k  r e c u r r e d  
and t h e  i n j e c t i o n  test w a s  s topped.  No f u r t h e r  a t tempt  t o  relocate the packer  
a t  a h i g h e r  e l e v a t i o n  w a s  made, a s  the c a l i p e r  l o g  i n d i c a t e d  t h e  upper  w e l l  
b o r e  was u n s u i t a b l e  f o r  t h i s  purpose. 

Geologic  s e c t i o n s  r e v e a l e d  two o t h e r  p o t e n t i a l  d i s p o s a l  zones i n  t h i s  area. 
The f i r s t  w a s  t h e  B u f f a l o  and Mahoning s a n d s t o n e  (Dunkard Sand) format ions  ap- 
proximate ly  600 f e e t  above the S a l t  Sands and the Burgoon Sandstone (Big I n j u n  
Sand) l o c a t e d  a t  approximately 400 f e e t  below. However, e x p e r i m e n t a l  work f o r  
steam i n j e c t i o n  o i l  recovery  w a s  contemplated f o r  t h e  former i n  t h i s  area, and 
t h e  l a t t e r  w a s  a g a s  producer .  T h e r e f o r e ,  permiss ion  could n o t  be o b t a i n e d  f o r  
d i s p o s i n g  i n  t h e s e  format ions  and a l l  work ceased.  

Discuss  i o n  

The d e c i s i o n  t o  h a l t  work on t h e  d i s p o s a l  w e l l  w a s  brought  about  by the  
h i g h  pumping p r e s s u r e  of about  2000 p s i  r e q u i r e d  t o  i n j e c t  150  g a l l o n s  of a c i d  
mine water p e r  minute  i n t o  the w e l l  and t h e  development of  a more economical 
water t rea tment  process  a t  t h i s  mine. The h igh  pumping p r e s s u r e s  i n d i c a t e d  
h i g h e r  o p e r a t i n g  and c a p i t a l  c o s t s  than  o r i g i n a l l y  a n t i c i p a t e d .  A t o t a l  of 
$57,080 had been s p e n t  by Bethlehem Mines Corpora t ion  on t h e  development and 
t e s t i n g  o f  t h i s  d i s p o s a l  w e l l ,  t h i s  sum b e i n g  broken d a m  elsewhere3.  This 
phase of t h e  p r o j e c t  w a s  w e l l  w i t h i n  t h e  expec ted  cost range.  D e s p i t e  thorough 
p lanning ,  c a r e f u l  e x e c u t i o n  and e x h a u s t i v e  remedial  measures ,  the d i s p o s a l  w e l l  
d i d  n o t  approach expec ted  performance. The pumping p r e s s u r e  ranged from 1500 t o  
2000 p s i g  f o r  a flow rate from 84 t o  250 gpm. Furthermore,  d u r i n g  the f l u s h  
s t a g e  o f  t h e  f i r s t  f r a c t u r e  t r e a t m e n t ,  water w a s  i n j e c t e d  i n t o  t h e  w e l l  a t  a rate 
of  1430 gpm w i t h  a p r e s s u r e  of  1600 - 1650 ps ig .  Any b e n e f i t s  g a i n e d  from t h e  
f i r s t  h y d r a u l i c  f r a c t u r e  t r e a t m e n t  were n o t  e v i d e n t .  For  a g i v e n  f low rate,  the 
pumping p r e s s u r e  a f t e r  t h e  f r a c t u r e  t rea tment  should  be  less than  t h e  p r e s s u r e  
p r i o r  t o  t r e a t i n g .  S t r a n g e l y  enough, most of t h e  p o s t - f r a c t u r e  p r e s s u r e s  were 
h i g h e r  than  t h e  p r e - f r a c t u r e  p r e s s u r e s  f o r  comparable f low rates. 

The phenomena d e s c r i b e d  above i n d i c a t e  c l e a r l y  t h a t  t h e  p a r t i c u l a r  r e g i o n  
of  t h e  S a l t  Sands p e n e t r a t e d  by t h i s  vel1 was n o t  a good d i s p o s a l  zone. 
Homewood and Conoquenessing s a n d s t o n e s ,  which comprise t h e  S a l t  Sands,  are mem- 
b e r s  of t h e  P o t t s v i l l e  S e r i e s  of Carboni ferous  rocks .  One o f  t h e  main reasons  

The 
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The soriousness of wcter po l lu t ion  by ac id  drainage f ron  coa l  i:~ines i s  highlighted by 
the  follo,i inc f igures :  I n  Appzlachia(1) during 1965, more than 6,000 tons of a c i d i t y  
pcr day were discharczd f ron  ac t ive  and inac t ivc  pines,  po l lu t ing  more than 10,000 
miles of streams. 

I n  1962, an au tho r i t a t ive  report ,  "Acid 1 .he  Drainage"(2) w a s  issued by the  Comit tee  
of Public 'ilorks o f  t he  U .  S .  House of Representatives. Rccogni.zing the  extent of the  
problem, t h e  report  pointed out t h a t  el.imination of t h i s  forr.1 of po l lu t ion  would re- 
s t o r e  vast  quan t i t i e s  of water f o r  nunicipal and i n d u s t r i a l  use, propagation of f i s h ,  
aqua t ic  l i f e ,  m d  wildl.ife, r ec rea t iona l  purposes, and o ther  uses. 
out t h a t  fiioA. of thc  various mcthods dcveloped t o  aba te  ac id  minz drainage hod been 
abandoned bcccuse of high cos ts  and technica l  f a i l u r e  i n  f i e l d  appl ica t icns ,  the 
CorrurLittee concluded t h a t  nine sea l ing  was the  most; proxising mcthod. 

The report  recormndzd (1) a sea l ing  program di rec ted  a t  sea l ing  abandoned nine s h a f t s  
and o ther  drainagi. openings, (2) a stepped-up research program by federa l ,  s t a t e ,  and 
i n t e r s t a t e  organizations t o  develop other N;OirSUI'SS, and (3) a stream and ac id  f l o w  
regulation progra!  t o  be employed n!iere scaling or  o ther  methods a r e  unable t o  su f f i -  
c i en t ly  reduco the  ac id  ccntent of t he  stream to mset water qua l i ty  requirements for 
a l l  lcg i t imate  p u r p s e s .  

The report  also ca l l ed  f o r  a demonstration program t o  evaluate rxine sea l ing  proce- 
dures 2nd results, s u a e s t i n g  t h a t  t he  work be done i n  "three appropriate mte r sheds  
con ta inhg  be tmen 50 and 100 abandmed coa l  mines each from which ac id  water is riGW 
dre5ning.I' 
in 1964. 

The uork was t o  be wider t he  d i r ec t ion  of t h e  Water Supply apd Pollution Control 
Progrm of thc  Departnant of Health, Education, and Wclfayc, t he  forerunner of t h s  
Federal Water Pollution Control AdTLnistration which l a t e r  was t ransfer red  t o  the  
U. S. Depr tnent  of t he  I n t s r i o r .  
of ISnes, U. S .  Ccological Survey, U. S. Bureau of S2ort F isher ies  w.d Wildlife(2),  
and klest Virginia aeencies i n  charge of pining, water p01lut,ion, and reclamation. 

I n  Yirch 1964, the  f i r s t  derons t ra t ion  pro jec t  s i t e  was s s l ec t ed  in the  Roaring Creek- 
Grassy Run watershed ncar EYtjns, West Virginia.  
mine (3,OXl acres)  and a n u b e r  of srpaller underground mines which had bcen exten- 
s i v e u  s t r i p  mir,ed along t h e  ovt-crop. 
it into the underground rxirle, which i n  tu rn  fliishcd isore r.Cne drainage f ron  the  under- 
grounc! >:orki:ngs. 
Tygart River. 

The dcnscstration pro jcc t  WG c a r r i x l  6 C L  i n  t!ircc I J ~ ~ S X :  (1) site, (2) nine seal- 
ing, regradjng, and revegetation, and ( 3 )  
Xerch, 1964 end coq:Jx:tcd i n  July, l'lh6, b r a s  devoted t o  \Eater cpuality surveillarice 
(F\ . lrCP.);  strew gaging (USCS) : surfocc irqJpingl invofit i&ation of mine conditions, and 
design control aeasures and r ec l a ra t ion  planning (USBX); s c c u r b g  land perrr;its (w. va . ) ,  

After. pointinz 

Funds f o r  the  demonstration grant,  $5 mi l l ion ,  were authorized by Conzxcs 

Cther p r t i c i p a t i n g  agmcies  were the  U. S. Bureau 

The ar2a.s coiltained one la rge  d r i f t  

The surfact: rain.= inintercepted runoff and d i r ec t ed  

Thasc s t iwmn wcrc coritributining 3.2 tc.ns per day of a c i d i t y  t o  t h e  
Chenical charactei . iFtics of t he  two s t r e a w  a re  presented i n  Table I. 

pro jec t  evalvation. Phase 1, begun i r l  
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and award thc  cunstrl;ction contract  (17JPCA, U5X). Scnl.ing of the &ics and concurrent 
r ec l a ix t ion  neasures (?r:.ase 2 )  w x e  bcEun in J u l y  1.9% m d  ccxpletcd i n  Scptcnbcr 1967. 
Disturbed tiroas were vegct.atcd i n  the  spriiip of' 1968. .Phzsc 3 ,  evaluation of tho cffec- 
t i venes r  of nine sea l ing  and r e c l a m t i o n  masuros  is ccmtinui nc,. 

Tablc I 
khter  Qua l i ty  Characterist?..csa 

Roaring Crc& 

PHb 
Acidity,  (Hot), CaC9 
Iron, To ta l  
Iron, Ferroxs 
Su l f a t e  
Hardness, CaC03 
Calcium, CaC0-j 
Aluminum 

2.55 3.3  
656 10.6 110 

- 
1.8 

i i o  1.8 5 0.08 
4 0.G6 1 0.01 

992 16.0 168 2.7 
446 7.2 99 1.6 
293 4.7 76 1.2 
38 0.6 12 0.2 

Spec i f i c  ConductanceC 1,723 
F l d  6 

a - Average values f o r  period Idarch 1961, t o  June 1966 
b - Unit no t  q/l, median value 
c - Units - r?icro.hos per cm 
d - Units - c f s  

The c o n t r o l  neasures planned were as follows: 

1. 

2. 

3.  

4. 

5 .  

A j . r  sea l ine  of t h e  underground v h e :  
t h e  oxidation of py r i t e  and t h e  production of i r o n  and ac id i ty ,  preventing 
oFgen f ron  reaching t h e  p y r i t e  should reduce o r  elirninate ac id  pol lu t ion .  
A n  sea l ing  V.QS t o  be accoinplished by f i l l i n g  a l l  bore holes,  subsidence holes, 
and other a i r  pssages  i n t o  t h e  mine. 
leave t h e  mine, bu t  prevent a i r  from enter ing ,  w r e  t o  be constructed a t  all 
openings discharging water. 

Water diversion: 
from t h e  mining envirormcnt, reducing the  mwnt of mter passing through a 
sur face  o r  underground mine w i l l  reduce the  amount of pol lu t ion .  T o  prevent 
water f ro2  en ter ing  underground irxines, subsidence holes were f i l l e d ,  s t r e a m  
were rechannclcd away from mines, and "dry1', seals, a s o l i d  s e a l  through which 
mtcr could not pass, were constructed in mine po r t a l s .  

Burying of acid-producing s p o i l s  and refuse: 
Contributors t o  pol lu t ion  they vere b u r i d i n  sur face  n ine  p i t s .  

Surface mine reclaaatiori:  Althongh surface mines wcre t o  be regraded prirrarily 
to prevent va tor  froni en t s r inz  t h e  unricrgrouid rAm, recrading a l s o  reduces the  
tirile t h a t  water i s  i n  contact wS.th acid-producj.ng m t c r i a l  i n  the  surface nine 
itself. Curing regrading a t t e r q k s  xe re  m d c  t o  bury the  highly ac id  material. 

Revegetation: 
s t a b l i z c  the backf i l l s .  

Since owgen was f e l t  t o  be necessary f o r  
, 

Wzt" mine sea l s ,  which allow wzter t o  

Since i n t e r  is t h e  t r anspor t  media f o r  carrying ac id  and iron 

Since these raterials werc major 

A l l  disturbed a r e a s  were revcgetated t o  prevent erosion and 
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' Bo;,]: I:)pt I: a.c,r).ll seals \:LT.;: coi:struc~.cti f1.o;~ concrctc bloc!: snci C J C L C ~  w.i L!I \ u:.cti4znc' f o x  on b h h  sici.2:; t o  protect  thc  b i d <  frc!;. kcid attac:i. 
~ W:?S t j r : : ? \c : rd  021 LI~.:,II c:itlc; cr :.I12 seal. in or.ci.c:r t o  ~ ; c c : ~ J  t h e  w3ii;iiL of t.hs i u o f  off 

', t h e  seal .  
one m X 1  w::s s o l i d  c.xc~:pl. I! lnt tw blocks rrora rc:.;oied f'i*ci;:i tht;  botto:n, tlic iiiricr '' 

i ii:,.s 5 f c c t  I"ro;: th; sca1 anti 22 fect high. ' 
'$ his!:rmll VICS badly f rac tured  a i d  timp r i n c  workiii~:; l ay  bi?hi.nd Llic w.1.1. 

\ underground i?f.nc iiorkirigz. 

Three types of b a c k f i l l s  wcrc used on t h e  surface 1IthC:j - contour, p-.stur.c, and / ,srsalloi+tail. For a contux- b a c k f i l l ,  thc  snail. was gradcd back t o  ;:s clone as 
'; possible  t o  the  o r i g i n r l  co;itol.!r of t h c  land. Usually t h e  top  of the  highwall was 

pushed do:n t o  cosiplctc t h e  b a c k f i l l .  
1 s p o i l  was graded t o  for;;, a small slopc avay froxi t h e  highwall aid thc h ighxal l  %AS 

l e f t  stznding. Thc p i s t u r c  type b z c k f i l l  was used vii-~n t h e  hj.ghm11 vias sound. 
Thc s:~:allox-tail b a c k f i l l  was sini.hr t o  t h c  pasture b x k f i l l  exccpt t h a t  in t h e  1 swzllov:-tail, a w t c m a y  \.:as constructed parall.cd t o  the  h i g h a l l .  The wtc i -my  w a s  

j\ loc,ztcd nwny fro::: t h c  hightiall  and f i n i a l  cut .  Whcrc possible,  s o i l  lo?: i n  a c i d i t y  

\ acid production. l h s t  of t h e  subsidence holes within 100 f e e t  of t h e  h i g h w l l  wore 

Thz ti?iric o;JL.nitig 

Ury sr.;:Xs w z r ~  co:::im:;:.d of 011.;: ~:c11., \;:i<.le' { . i t<> \;ct sl ;als h:ixi tiircc v;:*tlls; 

~ . l l  was C ~ ~ > ~ I ~ O A . ~ : ~ i t . C ~ :  1% fect. fro:11 t h e  scal  and 2; f c e t  high, a i d  t h o  U L L ~ C I -  ~ ~ 1 1  
T h e  1,zttcr t;io I;.A~IT. for;:!ccl a pool which 

prcvcnted a i r  frwi entcr ing the  ndnc. 

type of s e a l ,  c lay vas co..:Pactcd against thc  highwall t o  3- height  u c l l  above thc  

Clay scals  w r c  uzcd i n  we?.:; tdicl'e thc  
For t h i s  

? 

I n  construct ins  t h e  pasture  b n c k f i l l ,  t he  

was hauled i n  end pl?.ced on t o p  of t h e  bac1:fill t o  f a c i l i t a t e  rcregetat ion and reduce 

f i l l c d  with s o i l  during t h c  backf i l l ing  opcration. 

The  ccnstruction c o i t r a c t  f o r  t h e  reclarmtion work, except revegetat ion and the  
'. f i l l i n z  of subsidence holes  locclted over 100 f c e t  fro,n t h e  highvall, was entered 

i n t o  on June 30, 1966. 
working with abandoned i!lincs, t h c  contract  vias cos.t-plus-fixed-fee. E s t i m t e d  con- 
s t ruc t ion  cost  was $1,61,0,362. L'orlc begun on thc  south half of t h c  ma jo r  rdne  (3,000 
acrcs)  d e a l t  prii.:.xily with water divcrs ion,  surface reclarietion m d  sofie a i r  s c a l i ~ ~ g .  
By ndd-l967, it bccme apparent t h a t  t h e  c o s t  for t h e  e n t i r e  pro jcc t  i rou ld  excecd 
t h e  o r i g i n a l  e s t b n t e s .  k decis ion was  rade t o  co;nplete only t h e  south half  of the  
mine t o  co:iservc funds. KO f u r t h e r  work 1;;~s donc on thc north h a l f .  This  chznge 
i n  plans m-ant t h c t  t h c  m j o r  mine would not b-s a i r  sealed,  hovrevcr, a sinall i so la ted  
mine had been sealed and vias avai lab le  for cvaluation. "inus, t h c  pro jec t  as  cur-' 
t e i l c d  would give i n f o r m t i o n  on t h e  cffcct ivcncss  of water divers ion and surface 
rrsinc r ec lma t ion  on t h e  south ha l f  of thc  m j o r  riLne and t h e  effectivericss of air 
sca l ing  a n d  v;atcr divers ion on a smller r.xLne. 

In  t h c  sp15.n~ of lo$$, approximitc1.y 700 acres  of land dis turbed during r c c l i s ~ t i o i i  

S o i l  smplds worc ta!:cn as a guidc t o  t h e  f e r t i l i z e r  and 1b.e  requirements and f o r  
choosjnz t h c  best; type 'vczciat.ion. Thc ei-itirc r r c a  cas plantcd t o  grnss f o r  quick 
erosion cont ro l  wiich reduced ac id  water dreiriaga. 
c u l t  are2.s t o  2s;ure c s t a b l i s h w n t  of grass .  
sloges and th-s :nore tox ic  a rcas  f o r  lone t e r n  e ros ion  control .  
recl?.:>.t,icyl c.nd rcveCetnLion work i s  prescnLed i n  Tablc 11. 

Eecause of t h e  tinny unknowns that  might be encounter& i.n 

, 

a 
\ 

' ):ere revcgctnted. 
\ 

\ ' 

The most upto-date technology vias uscd i n  t h e  revcgctat ion program. 

tiydrosceding w x i  used i n  d i f f i -  
Trees were plantcd cn t h c  s t e e p r  

A. suim;a.ry of the 
fi 



A conplctc aiialysis of the  vniL cos t  f o r  r c v q c t s t i o n  wcis 1i!3d~ and i s  prcscn'icd i n  
Table ,111. 

P,ESU12TT3 

T h i s  rcclccintion work was conpletcd, except f o r  revegutation, i n  t h e  f a l l  of 1557, 
thus  a l i d l c  o a r  a y e z r ' s  data a r e  a v a i h b l c  f o r  evaluating the  cffoctivencss of 
the cont ro l  mcasures. 

As noted e a r l i e r ,  a snall. i s o l a t e d  mine was c o x p l e t e b  a i r  sealed. 
co:nbination of underground and surface operations. Two seaiils had been surface rr;incd 
(78 ac res )  t h e  scam i n  which the  underground rninc was located and t h e  seaiii above the 
deep n i n e .  
only a few acres ,  as the n ine  vas never dcvclopsd. 

The surface mines were regraded t o  f a c i l i t a t e  rapid ronoff. 
was used on the  upper a reas  and a contour b a c k f i l l  on the lower. 
p o r t a l s  i n t o  t h e  underground mine. 
o p n i n g  and a W e t 1 1  s e a l  was i n s t a l l e d  in the  second opening t o  ollorr water t o  dis- 
charge. 

Table I V  shows the a i r  q u a l i t y  within t h e  mine and the  qua l i t y  of the  discharge. 
Within two months a f t e r  t h e  mine had been sealed,  t h e  oxygen content of t h e  iidne 
atnosphere had been reduced t o  9.1 percent. Since t h a t  t h e ,  the  oxygen content 
has varied betwscn 7.0 and 10.6 percent, indicating t h a t  a i r  has access t o  the nine. 
The prescnce of o.vgen in  t h e  mine m y  be due t o  mover~ent of a5r through t h e  over- 
burden as a r e s u l t  of baronietic changes. 

The a c i d i t y  concentration of the  discharge decreased t o  a value l e s s  than a n i  obta,ined 
i n  t h e  1;4 months of prc-construction rnonitoring i n  l e s s  than a month a f t e r  sca l ing  
was conpleied. 
t he  highest  post-sealing value has been 388 r ~ / l .  Over the  long-tern, t he  ac id i ty  
is cxpccted t o  continue t o  decrease,  but a t  a m c h  s lover  r a t e  than the i n i t i a l  
decrease. 
m d l  in llovezber 1967. 
s m l l e r  decrease has  also been observed by I,loebs.(.4) No explanation fo r  t h e  i n i t i a l  
decrease hcs been devc lopd ;  however, it would not ap?car t o  be due t o  the  reduction 
of t h e  owgen content wi th in  t h e  mine beckuse the  ac id  being discharged a t  any given 
time is an indic::tion of t h e  Fyrii ie oxidation a t  s o m  previous time. Thus, a l a g  
occurs b-txeen the time t h e  or ida t ion  r a t e  of py r i t c  i s  reduced ar.d the time t h i s  
reduced r a t e  w i l l  be noted i n  the  discharge. 
t he  o q g e n  content was just b e ~ i n n i n ~  t o  decrease and no l a g  period had occurred. 
S h w s t e  and S ~ i t l i ( 5 )  fouxi t h i s  lag t o  bc scvera l  months. The long-term decrease 
in e c i d i t y  i s  prsbably cn ind icn t ion  of reduced oxidation of py r i t e .  

The t o t a l  i ron  contenL of  t h e  discharge hss dccrensed very l i t t l e ,  i f  any. 
irately 70 percent af t h e  i r o n  before sca l ing  w a  i n  the  f e r r i c  form and a f t e r  a 
year t h e  fe r rous  coztcnt has not increased, ind ica t ing  t h a t  su f f i c i en t  oxygen :is 
ava i l ab le  within the  rha  t o  oxidizc t h e  fe r rous  i r o n  rcsu1tir.g fro:.! py r i t e  oxidation. 
A t  t h e  l o v  pH's occurrjng i n  the  disc!xir,te, f e r r i c  i ron  i s  highly soluble, thereforc,  
t he  opportunity fo r  the  i r o n  t o  p rec ip i t a t e  Kithjn the  ildnc is sinall. 

The su l r z t c ,  a proclact of pyrj.t.e oxidntior,, has dccreascd s ince  t h e  r?inc w a s  secl-ed. 

This mine was a 

The s i z e  of t h e  underground );line i s  unknGm, but it i s  estimated t o  covcr 

k pasture typc backf i l l  
There were two 

One portal was sealed by packin:: clay i n t o  t'nc 

The lowest a c i d i t y  value during pre-construction was 438 rn&, while 

For exmple, t h e  acidity in Noveinber 1968 was 247 II-& compared t o  368 
A sh i la r  l a rge  i n i t i a l  decrease i n  a c i d i t y  followed by a 

During the  pcr'iod of i n i t i a l  decrease 

kpprox- 
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In  mny zonths the suLrzte c m t e n t  w x  l e s s  thar. tne ri.ninu?! concentration observed 
before sea1ir.g. 
of pyr i te  oxidation has decreased. 

I n  sumdry,  the da ta  f r o r  t h i s  rLne seal indic?.tc-that soce r s d x t i o n  in pyr i te  
oxidation may be occurring, ho*zver, t he  m t e r  qLality i s  s t i l l  extreri!c:ly poor. 

Although the  major mine in the  project area ES not corp le te ly  sealed against  a i r  
the  discharges from the  11 "wet'! sea ls  i n  t h a t  mine a re  still belng monitorzd. Ten 
of these  discharges havc shown no s ign i f i can t  chmges i n  watxr qua l i ty .  
has shown inprove;;.ent as given i n  Table  V .  
portal .  
however, t he re  i s  a loca l ized  d i p  in t h e  coa l  and the  drainage from a snall a rea  drains 
aut the  portal .  

The pH of t h i s  n ine  s e a l  discharge has increased, reaching as high as 6.4 in September. 
The ac id i ty ,  t o t a l  iron, and s u l f a t e  concentration show soze decreasing trends.  No 
air  sanples have been co l lec ted  f ron  the  nine,  therefore ,  da ta  a r e  not ava i lab le  t o  
determine i f  the  oxygen content has decreased. It was o r ig ina l ly  f e l t  t h a t  t h i s  
portion of the  mine was not a i r  sealed since the re  a r e  m y  h o r n  holes into the  
mine. 
is i so l a t ed  from the  mjor mines and thus a i r  sealed.  
to check t h i s  prezrisc. 

This reduction i n  sulfaLe m y  be m o t h i r  ind ica t ion  t h a t  the  r a t e  

The eleventh 
This I1wet"  s c a l  i s  loca ted  i n  a mine 

In general, t he  nine drainage i n  t h i s  a rea  i s  ai\ajr froffi t he  mine portal; 

However, there  is  a chance t h a t  due t o  subsidence within t h e  mine t h i s  sec t ion  
A i r  samples a r e  t o  be co l lec ted  

Table I1 
Beclanation Work Performed 

Reclamat ion 

Land disturbed 
Surface mines reclaimed 
Backfil l ,  t o t a l  
Backfil l ,  compacted 
Subsidence holes f i l l e d  
Mine s e a l ,  d ry  
U n e  s e a l ,  wet 
Mine seal, c lay  
Mine sea l ,  other 

710 acres  
12.5 miles 
3,600,000 cubic yards 
61,269 cubic yards 
450 
43 
12 
41 
5 '  

Revegetation 

To ta l  
Crass only 
Hydroseed only 
Trees only 
Hydroseed grass and t r e e s  
Grass a ? d  t r e e s  

710 acres  
322 acres  
16 ac re s  
57 ac res  

-195 acres  
120 acres  
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SURFACE HINB RECLAMATION 

The effect iveness  of sur face  trine reclamation on water qual i ty  was evaluated by collec- 
ting s m p l e s  of runoff during wet periods and by nonilorin:: t h e  streams t o  which t h e  
surface mines discharge. 

S i t e  RT 8F-1. 
49 acres  of surface mincs. 
opening has been sealed.  
s i n c e  the  reclamation was completed. 
has been l e s s  than the  average f o r  t h e  pre-reclmation period, and during f i v e  months 
t h e  a c i d i t y  l e v e l  was l e s s  than  the rinirmm value obtained prior t o  reclamation. 

The pli has been grea te r  during post-reclamation and the s u l f a t e  has a decreasing trend. 
In general ,  t h e  ha t e r  shows improvement, however, it has not recovered t o  its na tura l  
state. 
September 1968 was discharging 38 pounds per  day, a decreaso of 35 percent. The high 
a c i d i t y  i n  Decenber 1967 was due t o  a flushing of  mater ia l  from t h e  underground mine. 

S i t e  RT p-2. 
160 acres  of surface mines. One underground mine discharge is i n  the watershed, 
however, its contribution o f  mine drainage is rtunor. The data col lected f o r  the 
watershed a r e  presented in Table V I I .  The a c i d i t y  since reclamation has been l e s s  
than  t h e  mean concentration during pre-reclamation. Even during the dry  months of 
July,  August, and September when t h e  concentration is t h e  grea tes t ,  t h e  water had a 
lower a c i d i t y  than t h e  mean during pre-reclamation. The s u l f a t e  concentration with 
the k e p t i o n  of two months, has been l e s s  than t h e  average f o r  pre-reclamation. 
pH has been somewhat higher,  while t h e  t o t a l  i ron  concentration shows only marginal 
-ement. 
I s  given i n  Table VIII. 

S i t e  RT 9-23. 
256 acres  of surface mines. 
area. 
reclamation than the  mean value before reclamation, except during September 1968 f o r  
a c i d i t y  and August and September f o r  s u l f a t e .  
during a very low f low period and it is questionable i f  the  a c i d i t y  was due t o  surface 
mines. The pH was grea ter  than  the  pre-reclamation value in all but one month, again 
t h e  low flow period. A comparison of t h e  loads for October before and a f t e r  reclama- 
t i o n  is presented in Table X. 

S i t e  RT &20. 
45 acres  of surface mines. 
watershed. 

Six areas  were i s o l a t e d  and evaluated. 

T h i s  smpling poilit was used t o  masure  t h e  c f f e c t  of r ec l amt ion ’on  
One underground nine discharge rei,x?iins i n  t h e  area.  

As seen i n  Table V I ,  t h e  ac id i ty  has varied considerably 
The 

klith the  exception of December 1967, the  ac id i ty  

This area was discharging 59 pounds per day of a c i d  in September 1966 and in 

This sampling point  was used t o  measure t h e  e f f e c t  of reclamation on 

The 

The ac id  load during t h e  project  from t h i s  area for the  month of October 
The data show a decrease in load after reclamation. 

This sampling point  was used t o  measure t h e  e f f e c t  of reclamation of 
One minor underground mine discharge is located in the  

A s  seen i n  Table IX, t h e  a c i d i t y  and s u l f a t e  concentration has been less a f t e r  

These high concentrations occurred 

A reduction i n  the  acid load can be noted. 

This sampling point  was used t o  measure t h e  e f f e c t  of reclamation on 
Two large underground mine discharges a re  located in t h e  

I n  Table X I ,  t h e  da ta  col lected a t  t h i s  site a r e  reported. 

These data  indicate  t h a t  t h e r e  has been no iuprovement i n  t h e  water; if anything, t h e  
uatcr is  worse. Upon inves t iga t ing  t h e  source of the a c i d  pol lut ion,  it uas found 
t h a t  before reclarnation 24 t o  50 percent o f  the  a c i d  load was from the  underground 
mines. 
percent of t h e  ac id  load. It a?pears, therefore ,  t h a t  some benef i t s  have occurred 
f r o n  surface mine reclamation. 

S i t e  RT 621. 
of surface mines were reclaimed. Two major underground nine discharges are located 
in t h e  watershed. 
mining and a large port ion of t h e  runoff and the  discharge f r o 3  an underground mine 
were diver ted i n t o  another underground mine. During r e c l a m t i o n  the  stream chrumel 
was reestabl ished,  therefore ,  more water should be passing Sample S i t e  HT 621, how- 
ever ,  to date  t h i s  has not occurred. I n  Tstble XI, the data  col lectcd at t h i s  s i t e  

After sur f ice  mine r e c l a m t i o n ,  the  underground mines a r e  contributing 75 

This site i s  located at the  mouth of K i t t l e  Run. A t o t a l  of U+O acres  

The streambed of K i t t l e  Run was conpletely destroyed during surface 
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Table IV 

- Effectiveness of I 5 n e  Scal  - /:rea 2+ 

I Oxygene Acidity (Hot) \h 
With in  Him, ' CaCO3, Iron, Sulfate, 

% rg/l PH I& nE/1 - 

1 After Scalinz 
Oct. 67 
f!ov. 67 
Dec. 67 
Jan. 68 
Feb. 66 

'\ %rch 68 
April. 68 

\ 1;ay 68 
JW~C 6C 

1 July 60" 
'\ hug. 613 

Sept. 63 
Oct. cs 
L o - J .  ca 

- 
9.1  - 
7.e - 
E . 8  

10.8 

7.0 
- 
- - 
7.2 
7.6 

363 3.1 
3 65 3 *2 
325 3.2 
3 15 3.1 
328 3 -2  
332 3.2 '  
277 3.3 
341t 3.3 
3e2 3 .o 
3 Yt 3 - 2  
313 3 -2  
3 63 3 -0 
27 Y 3 -2  
247 3 -2  

86 83 5 
83 7'70 
87 7G5 
75 65 5 
69 700 
77 703 
60 625 
64 620 
81 860 
73 780 
70 665 
71t 6CO 
74 63 0 
76 660 
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Tablc v 

After Spal ing  

O c t .  67 
NOV. 67 
Dec. 67 
Jan. 68 
Feb. 68 
March 68 
Apr i l  60 

June 68 
J u l y  68 
Aug. 68 
Sept. 68 
Oct. Gt, 
Nov. 68 

May 68 

20 
7 
40 
31 
28 
20 
8 
12 
0 
21 
0 
17 
4 
0 

3.9 
3.9 
4.0 
3.9 
3.9 
4.2 
4.7 
5.2 
5.2 
4.2 
6.1 
6.4 

5.8 
5.0 

0.3 
0.7 
0.G 
0.5 
0.3 
1.5 
0.5 
0.2 
2.5 
0.8 
2.0 
0.9 
0.6 
0.7 

a. 
b. 14edian value 
c. Maximum value 

Mean of 25 smplcs  co l l ec t ed  between March 1965 and l!.!ovenber 1966 

Table V I  

- J  Effec t  o f  Surface I4ine Reclamation i n  Vatershed RT 8F-1 
Acidi ty7Kt)  I r o i i -  

CaCO Total Sulfate 
.Gb3 pH m g l l  W l l -  , 

1 

--. Before Reclama.. (I4ean) 199 3.0" 19 290 
Minimum Value 73 3.4b 4 140 

After Reclamation 

Oct. 67 
NSV. 67 
Dec. 67 
Jan. 68 
Feb. 68 
March 69 
Apr i l  68 
Flay 68 
June 68 
J u l y  63 
hug. 68 
Scpt. 68 
Oct. <a 
~ o v .  68 

107 
145, 
921 
38 
111 
95 
54 
71 
83 
27 
135 
89 
55 
37 

3.4 
3.4 
3.4 
4.8 
3.5 
3.3 
3.9 
3.8 
3.6 
4.1 
3.5 
3.5 
3.7 
4.1 

a. I b d i o n  wilue 

c.  
b. I . ; C X ~ ~ U ~  \*aluc 

A fluch o f  mine drainage from the  deep mine occurrcd 

28 
19 
20 
6 
14 
17 
8 
14 
12 
0.8 
13 
10 
8 
3 

220 
220 
215 
78 
180 
190 
u2 I 

140 
185 
193 
175 
150 
155 
135 

/' 

I 

I /  
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A f  t rr  Rccl.r;;x~J~o; 

Oct. 67 
NOV. 67 
D ~ C .  67 
J a n .  68 
Feb. 68 
March 68 
A p r i l  68 
Kay 68 
June 68 
J u l y  65 
P.UE. 68 
Sept. 69 
O c t .  68 
N ~ v .  68 

a. Mcdian value 
b. Kaximum value 
c .  March 1964 t o  Scptcmbcr 1967 

73 
63 
69 
74 

11 1 
95 
56 
62 
73 

125 
105 
141 
74 
49 

3 4  
4.3 

3.6 
3.6 
3.8 
3.7 
3.7 
3.7 
3.9 
3.9 

3.5 
3.5 
3.4 
3.6 
3.7 

3.8 

5.2 
1.3  

4 -9 
5.4 
5.4 
3.2 
7.4 
5.5 
1.9 
2.5 
2.6 
4.3 
3.4 
4.5 
4.1 
2.5 

313 
48 

180 
175 
195 
220 
360 
220 
135 
135 
225 
210 
223 
33s 
240 
193 

T a b l e  VI11 

Be f orc R.c? 1m.n t s  -- 
O c t .  65 
O c t .  Gc 

A f  t c r  h?c:l.ar:.:ltl on --.._ .- 

Oct. 67 
Oct. 68 

0.226 241 293 
0.835 212 2,165 

0.67 73 263 
0.111 74 56 

1.h3 
2.63 

3-33 
4.04 
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Table I X  
Effect of Surf:>cp h l i w  Rccl~mit ion i n  ; ; t tcrshcd iiT 9-23 -----____- - . ~  

Iron 
Total S u l f a t r  

Acidity (Hot) 
CaCO. 

3 
WfL- pH m i d 1  rndl 

313 
Minimum Value 79 4.5 1.3 48 

a 
Before Reclamition (Mean) 178 3.3b 5.5 

After Reclamation 

Oct. 67 
Nov. 67 
Dee. 67 
Jan. 68 
Feb. 68 
March 68 
Apr i l  68 
Kay 68 
June 68 
J u l y  68 
Aug. 68 
Sept. 68 
Oct. 68 
Nov. 68 

40 
26 
34 
38 
43 
49 
25 
22 
35 

116 
12'7 
446 
87 
44 

4.1 
4 .1  
4.0 
4.0 
4.0 
4.0 
4.1 
4.3 
4.0 
3.6 
3.5 
3.2 
3.6 
3.9 

1.5 
2.3 
5.0 
3.1 
3.4 
4.7 
1.2 
1.1 
0.7 
6.6 ' 

11.4 
15.9 
8.8 
2.9 

47 
44 
62 
57 
54 
68 
36 
57 
37 
19 
450 
349 
205 
119 

a. Median value 
b. Maximum value 
c. March 1946 to  September 1967 

Table X 
Pollution Load from Area RT 9-23 

Acidity (Hd) 
Flow CaC03 Acid Rainfall  
c f s  mgll lb  s/day Inches 

Before Reclamation 

Oct. 64 
Oct. 65 
Oct. 66 

After  Reclmation 

oct.  67 
O C ~ .  68 

0.7 191 720 2.00 
0.4 233 502 1.43 
4.7 87 2,203 2.63 

6.2 4 0  1,336 3.33 
1.22 87 . 572 4.04 
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Table X1 

Effect  of Surface Line Reclmat ion  i n  blatcrshed I t i  6-20 --- - 
F i r s t  Ldcven lronths 
After Rcclarxition Be f o x  Reclarnat ion 

pll (irodian) 2.7 2.9 
Acidity , rr.g/l , CaC03 487 550 
Tota l  I ron,  n . g / l  91 13 0 
Sulfa te ,  ri,g/l 616 63 0 

~~ 

Table X I 1  
Effect of Surface Xinc ReclarAtion i n  Watershed RT 6-21 

F i r s t  Eleven Konths 
After  I k  r hiiunation -- Before Reclamit i o n  

pY (nedian) 
Acidity , %/I-, CaC03 
Tota l  I ron,  q/l 
S u l f a t e  , m.& 
Flor,  cfs  

2.5 
1,554 

3 28 
1,768 

0.628 

2.8 
1,107 

3 1.0 
1,100 

0.58 

Table XIII 
Effcct of Surface PBnc Recla:.,aiic!i in \latershed HT 6-19 

\ 

F i r s t  Eleven I.ion%hs 
Fkf orc P.ecI..~.:;.-tti.on After Reclanation 

2.8 
576 
107 
726 

6.l+ 
5 
0.04 
I 2  
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Swcmary - Surface liine Rcciu3stj.oii. 
t i o n  v:as ca;.pletcd and six nonths since these a reas  were revcgetatc'd. 
qua l i t y  i n  ench of t h c  k-atcl-sheds, rihich w-re pollutcd p r i r n r i l y  fro:n surface IlLrlcc, 
has shown imprGVeX.ent. 
poor qua l i t y  and has not rccwrcrcd i t s  nnturn l  condition. 
improvcment in water quality would be slow. 
t h e  bes t  mater ia l  ava i l ab le  on the  surface of the  reclamation a rea ,  thc  s o i l  s t i l l  
had a low pH, high a c i d i t y  and ac id  producing material .  It w i l l  probably require a 
nunbcr of years  f o r  t h c  a c i d  mater ia l s  i n  the  bac!cfills t o  leach out;  and during t h i s  
period the  stream w i l l  recover slowly. The good grass cover cs tab l i shcd  on thc  back- 
f i l l s  w i l l  prevent erosion and the  exposure of more ac id  producing materiel ,  thus t h e  
r a t e  of improvement i n  the  streams should increase during the  co;ning year. 

I n  those a reas  polluted by both underground and surface nine drainage, pollution f r o z  
t h e  underground mines should cons t i t u t e  the  g rea t e r  portion of t he  pollution load as 
t h e  r a t e  of discharge from t h e  surface n ines  diminishes. 

One yc2-r h2.s past  s ixcc  thz surfncc mine reclaKF..- 
The  water 

tlo;;.ever, in a l l  cases, but  H1' '6-19, the water is s t i l l  of very 

' 
It was CXpCC.tCd that thc  

Although cvery e f f o r t  was m d e  t o  place 

Water Diversion. The most d i f f i c u l t  cont ro l  measure t o  evaluate has been water diver- 
sion. 
t o  which t h e  water was d ive r t ed  should increase while tho volume of underground mine 
discharge should decrease.  
F i r s t ,  i n  order t o  comparc a ' 'before" and "a f t e r "  condition, the  hydrologic s i t ua t ion  
must be somewhat similar during t h e  times comparative da ta  a r e  taken; e.g., the rain- 
f a l l  and antecedent moisture conditions. Second, continuous flow measureinents a re  

Following t h e  completion of water diversion pro jec ts ,  t he  flow of the  stream 

A number of f ac to r s  complicate an  ana lys i s  of t h i s  nature.  

also des i r ab le  for  evaluation. 
of Grassy Run and Roaring Creek f o r  t h i s  purpose. 
mine was reclaimed, t hese  s t a t i o n s  l o s t  t h e i r  value. Flow det'errninations were made 
at t h e  remaining sampling s t a t i o n s  only when samples were co l lec ted  (once a week or 

Continuous flow monitoring was es tab l i shed  a t  the mouths 
However, since only ha l f  of t he  

every o ther  week). 

A preliminary evaluation of t h e  runoff frorc the reclaimed areas  indicated t h a t  the  
streanflow has increased and thus  l e s s  water is enter ing  the  miie. 
i n  one watershed, which conta ins  227 acres  of reclaimed surface mines, t he  instenta- 
neous flow at  the  mouth of t h e  stream a f t e r  reclamation has increased severalfold 
over t h e  flow before reclamation f o r  a s imi l a r  p rec ip i t a t ion  occurrence. 
which ca r r i ed  t h i s  stream without problem before reclamation has flooded a number of 
times s ince  reclanation. 
watershcds, which should provide a b e t t e r  proof t h a t  an increase in flow has occurred. 

Underground mine discharges do not r e f l e c t  changes of i n f l o v  imxediately. Dye s tudies  
have shown t h a t  water flowing in one end of the  underground ninc a t  Elkins may take 
seve ra l  months before it discharges.  Thus, t o  determine a reduction in discharge w i l l  
r equi re  an ana lys i s  of both t h e  surface anc! underground flow pa t tc rns .  A preliminary 
review of the  underground mine discharges data revealed t h a t  i n su f f i c i en t  in fomat ion  
was ava i l ab le  t o  draw conclusions as t o  whether water diversion had decreased the  flow. 
h r t h e r  s tud ie s  of t h e  hydrology of t he  a rea  a r e  being conducted t o  determine lag times 
within t h e  mines and develop a water budget. 

For example, 

A culvert  

A de ta i l ed  water balance is being developed f o r  each of t he  

SUIPWRY 

The Fcdcral  Water Pol lu t ion  Control Administration i n  cooperation iL th  other federa l  
agcncies and the  S t a t e  of \Jest Virginia conducted a pro jec t  t o  derzonstrate t he  effec- 
t i veness  of nine sea l ing ,  su r f ace  mine reclanation, and water diversion on the  prevent- 
b g  of ac id  nine drainzge fram coal. nines.  
of t h s c  cont ro l  measures during the  first ycar following the  conpletion of the r c c h -  
mat ion. 

This paper repor t s  on the  effectiveness 

InprovcmenL i n  iratcr q u a l i t y  from r&ne sealjjlg and surface mine r e c h x a t i o n  vas pmdi- 
catcd t o  be a s l o w  process, probably taking severa l  years ,  cliic p a r t l y  t o  the  accmu- 
l a t i o n  of py r i t e  oxidation products within thc  mine t h a t  must be flushed vJt. 
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Ikclaimed surface nines  nusL be stnbl.ized with vcgch t ive  covcr. 

After  ono year the  following conclusions can be drawn: 

(1) A small  rnine sealed asa ins t  air  shows a rcduccd oxyzen contcnt and the watcr 
discharging from the mine S l l O i ~ S  improveicent ; hoiievor, the  water qua l i ty  is 
s t i l l  very poor. I f  the  current  t rend cont.inues water qua l i t y  w i l l  continue 
t o  improve. 

Surface mine reclamation i n  those a rcas  where the  nine drainage was predoxi- 
nant ly  from t h i s  source has improvcd the  water qua l i ty .  
is  improving slowly and the  t rend  is t h a t  it w i l l  continue t o  improve. 

Evaluation of water divers ion a s  a cont ro l  nethod is  d i f f i c u l t .  k prelim- 
inary ana lys i s  ind ica tes  t h a t  streamflow has increased in those a reas  where 
water was diverted from the  underground mine t o  the  s t rean .  Further analyses 
a r e  being made t o  ve r i fy  t h i s  f inding.  
mine discharges is  occurring due t o  water diversion has  not  bee? establ ished.  

(2) 
The water qua l i t y  

(3) 

Whether a reduction i n  underground 
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AI3A-T OF POLLUTION FROM ABANDONED COAL MINES' 
BY MEANS OF IN-SITU PRECIPITATION TECHNIQUES 

James B. Jones,  P.E. 
Sam Ruggeri, P.E. 

Parsons-Jurden Corporation 
New York, New York 

BACKGROUND OF PROJECT 

Coal, as w e  a l l  know, has been mined i n  Pennsylvania f o r  decades, l eav ing  many under- 
ground caverns i n t o  which ground water p e r c o l a t e s  and eventua l ly  flows out i n t o  t h e  
streams. 

Today, more t h a n  2,500 m i l e s  of Pennsylvania 's  streams are p o l l u t e d  by mine drainage 
from abandoned mines, es t imated  a t  c l o s e  t o  one b i l l i o n  g a l l o n s  p e r  day ( p l u s  an 
a d d i t i o n a l  es t imated h a l f - b i l l i o n  g a l l o n s  p e r  day from a c t i v e  mines). 

Before 1963, l i t t l e  hope w a s  he ld  for a comprehensive s o l u t i o n  t o  what w a s  an ever- 
i n c r e a s i n g  problem. 
Mineral I n d u s t r i e s  launched an i n t e n s i v e  research  program t o  a s c e r t a i n  t h e  e x t e n t  o f  
t h e  problem and t o  develop economical methods f c r  aba t ing  stream p o l l u t i o n  from both 
a c t i v e  and abandoned c o a l  mines. S t u d i e s  were i n i t i a t e d  t o  e s t a b l i s h  t h e  mechanism 
o f  formation of  a c i d  mine w a t e r ,  and t o  i n v e s t i g a t e  its t rea tment  and cont ro l .  
Means were sought f o r  prevent ing  water from e n t e r i n g  c o a l  mines, by d i v e r t i n g  water 
flow, b a c k f i l l i n g  mine voids ,  etc. Much progress  has  been made but  much remains 
t o  be done. 

In 1968, t h e  Parsons-Jurden Corporat ion received a c o n t r a c t  from t h e  Department of  
Mines and Mineral I n d u s t r i e s ,  Commonwealth of Pennsylvania, f o r  t h e  development and 
demonstration o f  t h e  u s e  of i n - s i t u  p r e c i p i t a t i o n  o f  s ludge r e s u l t i n g  from t h e  re- 
a c t i o n  of a c i d  mine water w i t h  l o w  c o s t  a d d i t i v e s  i n  an abandoned c o a l  mine t o  
prevent  mine drainage p o l l u t i o n .  
P o l l u t i o n  Control Adminis t ra t ion,  U.S. Department o f  t h e  I n t e r i o r ,  through a grant  
t o  t h e  Commonwealth of  Pennsylvania  under T i t l e  11, Sect ion  6 ( a )  of  t h e  Federal  
Water P o l l u t i o n  Control A c t ,  as amended by t h e  Clean Water Res tora t ion  Act of  1966. 
The demonstration mine would be  t h e  Hastings Fuels  Company Mine No. 1 i n  Cambria 
County, Pa. The work would proceed i n  two phases ,  first i n  t h e  l a b o r a t o r y ,  then  i n  
t h e  f i e l d  at  t h e  s e l e c t e d  mine. 

This  water dur ing  i t s  course through t h e  mine workings becomes a c i d i c .  

However, i n  1963, t h e  Pennsylvania Department of Mines and 

The work i s  supported i n  p a r t  by t h e  Federal  Water 

EXISTING APPROACHES TO POLLUTION CONTAOL 

Acid water p o l l u t i o n  from c o a l  mines manifests i tself  i n  t h e  form of  a l a r g e  drainage 
outf low c o n s i s t i n g  of  s u l f u r i c  a c i d ,  d i sso lved  i r o n ,  and o t h e r  minera l  impurities, 
similar i n  charac te r  t o  w a s t e  p i c k l e  l i q u o r  from t h e  s tee l  indus t ry .  The a c i d  stream 
i S  generated by water c o n t a c t i n g  t h e  mine workings i n  t h e  presence o? oxygen and react-  
i n g  wi th  p y r i t e s  conta ined  i n  unexcavated p i l l a r s  and o t h e r  surfaces o f  t h e  deep mines. 

Numerous approaches have been taken f o r  reducing t h i s  a c i d  water p o l l u t i o n ,  among 
which have been: 

1. A i r  s e a l i n g  o f  t h e  mines. 

2. 

3. 

Flooding t h e  mines by s e a l i n g  t h e  e x i t s .  

Neut ra l iz ing  t h e  a c i d  outflow with a l k a l i n e  materials. 
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4. Diversion of subsurface waters  from mine en t rances .  

5. I n j e c t i o n  t o  underground s t r a t a .  

6. Chemical s e a l i n g  of  sur faces  within t h e  mine. 

PARSONS-JURDEN APPROACH 

The i n - s i t u  p r e c i p i t a t i o n  approach proposed by Parsons-Jurden o f f e r s  b e n e f i t s  of 
lower cos t  and ease i n  use and should have wider a p p l i c a t i o n s  t o  mines of  varying 
geological  f e a t u r e s .  

The i n - s i t u  p r e c i p i t a t i o n  concept c o n s i s t s  o f  i n j e c t i n g  water  s l u r r i e s  of low c o s t  
a l k a l i n e  r e a c t a n t s  (such as l imestone,  l ime,  and f l y  a s h )  d i r e c t l y  i n t o  a c i d  water 
contained i n  t h e  mine voids ,  through bore holes  d r i l l e d  from t h e  sur face .  Numerous 
reac t ions  occur  during t h e  n e u t r a l i z a t i o n  of t h e  a c i d i t y ,  r e s u l t i n g  i n  p r e c i p i t a t e s .  
In addi t ion ,  as t h e  pH goes up, var ious  mineral c o n s t i t u e n t s  i n  t h e  water (notab ly  
i r o n )  p r e c i p i t a t e  as a g e l a t i n o u s ,  voluminous s ludge.  
bulking r a t i o  of 30:1, t h a t  i s  t h e  s ludge r e s u l t i n g  from i n j e c t i n g  a t o n  of  r e a c t a n t  
i n t o  t h e  mine water would occupy 30 times t h e  volume occupied by t h e  same t o n  in- 
j e c t e d  i n t o  pure water. 
a s  high as 150:l can be achieved,  although p r a c t i c a l  cons idera t ions  i n d i c a t e  such 
l a r g e  r a t i o s  have l i m i t a t i o n s .  

In-s i tu  p r e c i p i t a t i o n ,  as a technique f o r  e l imina t ion  of  p o l l u t i o n  from abandoned 
coa l  mines, i s  of i n t e r e s t  from t h r e e  s tandpoin ts :  

Our proposal  pos tu la ted  a 

Subsequent labora tory  work has i n d i c a t e d  t h a t  bulking r a t i o s  

(1) F i l l i n g  of mine voids ,  t o  r e s t r i c t  e n t r y  and passage of water t h r u  t h e  mine; 

( 2 )  Sea l ing  drainage openings t o  r e s t r i c t  outflow from t h e  mine; and 

( 3 )  Continuous n e u t r a l i z a t i o n  of  any e f f l u e n t  a c i d  mine water. 

Use of  t h i s  concept f o r  f i l l i n g  mine voids  is based on forming "bulking-type p r e c i p i -  
tates" (as  mentioned above) ,  t h u s  providing an economic advantage over simple 
b a c k f i l l i n g  on a one t o  one r a t i o .  
of s e a l i n g  drainage openings because t h e  water-borne p r e c i p i t a t e s  so formed seek 
out t h e  flow p o i n t s  (being c a r r i e d  by t h e  water f low) and p l u g  them, an a c t i o n  S imi la r  
t o  "blinding" a f i l t e r  c l o t h .  F i n a l l y ,  in -s i tu  p r e c i p i t a t i o n  i s  expected t o  be an 
e f f i c i e n t ,  economical means f o r  continuous n e u t r a l i z a t i o n  o f  e f f l u e n t  mine waters, 
without t h e  usual  waste s ludge d i s p o s a l  problems. 

This  concept is  a l s o  u s e f u l  from t h e  s tandpoin t  

The f e a s i b i l i t y  and economics of  continuous e x t e r n a l  n e u t r a l i z a t i o n  of  a c i d  mine water 
drainage from a c t i v e  coa l  mines has  been demonstrated. 
posa l  of  t h e  r e s u l t a n t  s ludge remains. 
sludge does not  present  any problem. 
gradual ly  s e t t l e s  t o  t h e  lower p o r t i o n s  of t h e  mine. 
r e t e n t i o n  bas in  f o r  t h e  s ludge.  
continuous n e u t r a l i z a t i o n  s t a t i o n  is  no longer  needed as t h e  p o l l u t i o n  problem no 
longer  e x i s t s .  

However, t h e  problem of d i s -  
When appl ied  t o  abandoned coa l  mines, t h e  

The s ludge i s  formed i n  t h e  mine voids  and 

When t h e  mine eventua l ly  f i l l s  up with s ludge,  t h e  
The mine provides an ex tens ive  

PRESENT STATUS OF PROJECT 

Shor t ly  after t h e  Commonwealth o f  Pennsylvania i s s u e d  i t s  c o n t r a c t  t o  us t o  proceed 
with t h i s  p r o j e c t ,  an  unforeseen o b s t a c l e  developed: one of t h e  landowners refused 
t o  s ign  a r e l e a s e  permi t t ing  access  t o  t h e  Hastings mine. A second mine w a s  then 
considered,  loca ted  i n  t h e  Pr ince  Gal l i tzen  S t a t e  Park. However, t h e  water flow a t  
t h i s  mine was deemed t o  low t o  be usefu l  f o r  t h e  demonstration. A t h i r d  mine w a s  
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then considered,  and p r e s e n t l y  i s  expected t o  be t h e  demonstration s i t e :  
No. 4 Mine at  Vintondale. 
pump and f a n  were removed. The mine has  subsequently been f i l l i n g  with water .  When 
t h e  water  l e v e l  reaches 1405 f t . ,  t h e  water  w i l l  flow out  of  t h e  mine through t h e  
en t rance ,  a t  an a n t i c i p a t e d  r a t e  o f  one m i l l i o n  ga l lons  per  day. A s  t h i s  paper i s  
be ing  prepared ,  t h e  water l e v e l  has reached approximately 1376 f t .  It i s  an t ic ipa ted  
t h a t  by t h e  time t h i s  paper i s  d e l i v e r e d  ( A p r i l  1 9 6 9 ) ,  t h e  water  w i l l  be flowing from 
t h e  mine. 

t h e  Dr isco l l  
This  mine w a s  a c t i v e  u n t i l  January 1967, at  which t i m e  t h e  

LABORATORY INVESTIGATIONS 

The l a b o r a t o r y  phase of t h i s  p r o j e c t  i s  designed t o  serve  two func t ions :  f i r s t  t o  
develop d a t a  f o r  labora tory  confirmation t h a t  t h e  i n - s i t u  p r e c i p i t a t i o n  concept can 
achieve what i s  expected of i t ;  and second, t o  e s t a b l i s h  what mater ia l s  and methods 
w i l l  be used at  t h e  demonstration mine. Because of problems i n  s e l e c t i n g  t h e  mine 
t o  b e  used f o r  t h e  f i e l d  demonstrat ion,  t h e  labora tory  t o  d a t e  has been l i m i t e d  t o  
developing d a t a  o f  a g e n e r a l  na ture .  
ferrous s u l f a t e ,  aluminum s u l f a t e  and s u l f u r i c  a c i d ,  w a s  used t o  eva lua te  var ious 
t y p e s  o f  m a t e r i a l s  r a t h e r  than s p e c i f i c  candidate  materials. Laboratory t e s t s  were 
devised t o  determine t h e  bulk ing  r a t i o s  f o r  p r e c i p i t a t e s  produced, s e a l i n g  proper t ies  
(and condi t ions  necessary f o r  such s e a l i n g )  of  p r e c i p i t a t e s ,  and ef fec t iveness  of 
continuous n e u t r a l i z a t i o n  o f  e f f l u e n t  mine water .  

To determine t h e  bulking r a t i o  f o r  a given r e a c t a n t ,  a water s l u r r y  of t h e  reac tan t  
was added t o  s y n t h e t i c  a c i d  mine water  a t  a s p e c i f i e d  r a t i o .  The r e s u l t a n t  mixture 
was allowed t o  s tand  f o r  18 hours at which time t h e  volume of  t h e  p r e c i p i t a t e  was 
noted and compared t o  t h e  volume obtained i n  pure water; pH w a s  a l s o  measured. As 
previous ly  noted,  bulking r a t i o s  as high as 150:l were achieved. 

To e v a l u a t e  t h e  s e a l i n g  p r o p e r t i e s  of t h e  p r e c i p i t a t e s ,  a g l a s s  t u b e  2 inches i n  
diameter  and 4 f e e t  long was used t o  s imula te  a mine a d i t .  
a "hor izonta l"  p o s i t i o n ,  w i t h  a 1% slope towards t h e  e f f l u e n t  end. A w i r e  gauze, 
backed up by a l a y e r  of coarse  sand and one of  f i n e  sand w a s  p laced a t  t h e  e f f l u e n t  
end t o  s imula te  a rubble  o b s t r u c t i o n .  Acid mine water w a s  suppl ied  t o  t h e  tube a t  
a c o n t r o l l e d  r a t e  t o  s imula te  t h e  flow of mine water i n  t h e  a d i t .  A water s l u r r y  
o f  r e a c t a n t  m a t e r i a l  w a s  i n j e c t e d ,  through a v e r t i c a l  s i d e  tube l o c a t e d  a shor t  
d i s t a n c e  behind t h e  sand l a y e r s ,  a t  a c o n t r o l l e d  r a t e  t o  maintain a f i x e d  r a t i o  of 
m i n e  water t o  s l u r r y .  Reduction i n  flow rate ,  and pH of e f f l u e n t  was measured over 
an extended per iod  of  time. I n  most c a s e s ,  t h e  flow rate  w a s  reduced s i g n i f i c a n t l y ,  . 
and i n  some cases  stopped completely;  pH oy'efffluent w a s  r a i s e d  t o  acceptable  l e v e l s , -  
and could be  brought up t o  t h e  range o f  12-13 without any d i f f i c u l t y  ( i n i t i a l  pH 

A s y n t h e t i c  a c i d  mine water, cons is t ing  o f  

The tube  w a s  p laced i n  

was  3 ) .  

To s tudy t h e  continuous n e u t r a l i z a t i o n  of a c i d  mine water, t h e  "horizontal"  tube 
set-up was used except  t h a t  t h e  tube now sloped away from t h e  e f f l u e n t  end. Under 
t h e s e  condi t ions ,  t h e  p r e c i p i t a t e  formed r o l l e d  back down t h e  tube  t o  accumulate a t  
t h e  lower end. The pH of  t h e  w a t e r  could be r a i s e d  t o  and maintained a t  any des i red  
l e v e l .  

When t h e  demonstration mine is  f i n a l l y  s e l e c t e d ,  s p e c i f i c  labora tory  tests w i l l  be 
performed based on t h e  a c t u a l  mine water and on economically a t t r a c t i v e ,  l o c a l l y  
a v a i l a b l e  a l k a l i n e  r e a c t a n t s .  S h o r t l y  t h e r e a f t e r ,  t h e  a c t u a l  f i e l d  demonstration 
w i l l  be undertaken. 
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A t  t h i s  t ime,  it i s  t o o  e a r l y  t o  draw any d e f i n i t e  conclusions a s  t h e  a c t u a l  demon- 
s t r a t i o n  has not  s t a r t e d ,  but  from t h e  prel iminary r e s u l t s  of  t h e  l a b o r a t o r y  inves- 
t i g a t i o n s ,  w e  are extremely o p t i m i s t i c  concerning a successfu l  demonstration. 
is a l s o  f e l t  t h a t  a f t e r  t h e  completion of t h e  program, w e  w i l l  be a b l e  t o  demonstrate 
t h e  economic soundness of us ing  t h i s  method of prevent ing stream contamination from 
most abandoned mines and some opera t ing  mines, u t i l i z i n g  t h e  i n - s i t u  p r e c i p i t a t i o n  
techniques. However, each i n d i v i d u a l  mine must be evaluated t o  determine which one 
o r  more of  t h e  t h r e e  r e s u l t s  i s  t h e  most economic, i . e . :  

I t  

(1) f i l l i n g  of mine voids ,  

(2 )  s e a l i n g  drainage openings, 

(3) continuous n e u t r a l i z a t i o n  o f  mine water. 

ACKNOWLEDGMENT 

This demonstration p r o j e c t  i s  being done under a c o n t r a c t  by t h e  Commonwealth of 
Pennsylvania with t h e  Parsons-Jurden Corporation and i s  supported i n  p a r t  by t h e  
Commonwealth of  Pennsylvania and i n  p a r t  by t h e  Federal  Water P o l l u t i o n  Control  
Adminis t ra t ion,  U.S. Department of  t h e  I n t e r i o r .  The Pennsylvania p o r t i o n  is au- 
thor ized  and charged a g a i n s t  c l a s s i f i c a t i o n  131,  P r o j e c t  CR-54; t h e  FWPCA por t ion  
under T i t l e  11, Sect ion 6(a)  of  t h e  Federa l  Water P o l l u t i o n  Control A c t ,  as amended 
by t h e  Clean Water Res tora t ion  Act o f  1966. 

The labora tory  work has  been performed by G .  & W. H. Corson, Inc .  under subcontract  
t o  Parsons-Jurden Corporation. 



120 

CHEMICAL PROPERTIES OF T O X I C  STRIP-MINE SPOIL BANKS I N  PENISYLVANIA 

Lawrence E. Beyer and Russe l l  J.  Hutnik 

School of  Fores t  Resources, The Pennsylvania S t a t e  Univers i ty ,  Universi ty  Park, Pa .  

S t r i p  mining i s  a r e l a t i v e l y  s a f e  and e f f i c i e n t  method of  mining bituminous 
c o a l .  Nevertheless ,  many problems are c r e a t e d  when t h e  overburden i s  removed t o  
g e t  at t h e  c o a l .  The s t r i p p e d  a r e a  may b e  subjec t  t o  runoff  and eros ion  i f  not 
b a c k f i l l e d  properly and revegeta ted .  In  a d d i t i o n  t o  t h e  s i l t  from eroded a r e a s ,  
chemical substances leached from t h e  s p o i l  banks may f u r t h e r  p o l l u t e  t h e  s t reams.  

I n  1945, the  Pennsylvania  L e g i s l a t u r e  passed t h e  Conservation Act, which re -  
qu i red  reclamation of s t r i p p e d  areas. With consequent amendments t h e  a c t  now 
states t h a t  a l l  s t r i p p e d  areas must be  b a c k f i l l e d ,  graded,  p lan ted ,  and inspected 
by a Land Reclamation Board. For most o f  t h e  strip-mined areas, revegeta t ion  has 
been s a t i s f a c t o r y .  Decades of research  and experience have r e s u l t e d  i n  improved 
p l a n t i n g  p r a c t i c e s  and t h e  s e l e c t i o n  of  t h e  b e s t  performing s p e c i e s  (Research 
Committee 1965) .  Yet, t h e r e  are a s u b s t a n t i a l  number o f  strip-mined areas which 
cannot be revegetated s u c c e s s f u l l y  by present  methods. These s p o i l s  are char- 
a c t e r i z e d  by being h ighly  a c i d .  However, it i s  p o s s i b l e  t h a t  t h e  revegeta t ion  
f a i l u r e s  a r e  a r e s u l t  of t o x i c  substances o r  l a c k  o f  e s s e n t i a l  n u t r i e n t s  r a t h e r  
than  a c i d i t y  per se .  For example, aluminum and manganese become s o l u b l e  under 
condi t ions  of high a c i d i t y  and could poss ib ly  reach t o x i c  concent ra t ions  (Berg 
1965) .  

There have been few r e p o r t s  on e i t h e r  t h e  a c t u a l  chemical concent ra t ions  
or t h e  concent ra t ions  which l i m i t  p l a n t  growth on t h e  h ighly  a c i d  s p o i l s .  There- 
f o r e ,  s e l e c t e d  toxic  s p o i l s  were analyzed t o  provide b a s i c  information f o r  sub- 
sequent p l a n t  growth s t u d i e s .  

I n  Pennsylvania, f o u r  major c o a l  seams, t h e  Lower Kit tanning,  Middle K i t -  
t anning ,  Clar ion ,  and Brookvi l le ,  produce t h e  most troublesome s p o i l s .  A l l  are 
g e n e r a l l y  h ighly  a c i d  a l though t h e r e  may be cons iderable  v a r i a t i o n  i n  condi t ions  
from one area t o  another  w i t h i n  t h e  same bank. From each of t h e s e  s p o i l s  f i v e  
samples were c o l l e c t e d  from t h e  sur face  l a y e r s  o f  t y p i c a l l y  t o x i c  por t ions .  Five 
samples were a l s o  c o l l e c t e d  from a non-toxic s p o i l  on t h e  Lower Freepor t  c o a l  seam. 
S ince  only  one bank from each seam was srmpled, no estimate of t h e  v a r i a t i o n  be- 
tween banks within t h e  i n d i v i d u a l  seams could  be  made. Each of t h e  s p o i l  samples 
was analyzed f o r  pH, s o i l  t e x t u r e  c l a s s ,  l i m e  requirement ,  n i t rogen ,  phosphorus, 
s o l u b l e  salts, and exchangeable calcium, magnesium, potassium, i r o n ,  manganese, 
and aluminum. 
medium, agronomic81 a n a l y s e s  were made. 

Since w e  were i n t e r e s t e d  i n  t h e  s p o i l s  pr imar i ly  as a p l a n t  growth 

Among t h e  f i r s t  ana lyses  made were pH determina t ions ,  s i n c e  t h e  major i ty  of 
revegeta t ion  f a i l u r e s  occur  on s p o i l s  with a pH value below 4.0 (Wheeler 1965) 
and t h e  a v a i l a b i l i t y  of i o n s  t o  p l a n t s  i n  t h e  so i l  i s  profoundly a f f e c t e d  by t h e  
hydrogen i o n  concentrat ion.  The pH's were measured using a g l a s s  e l e c t r o d e  pH 
meter wi th  a 1:l soi1:water  r a t i o  (Jackson 1958) .  
t h e  pH va lues  of most s o i l s  l i e  i n  t h e  range between pH 4.0 and pH 8.5. 
of t h e  t o x i c  s p o i l s  were a l l  w e l l  below pH 4.0 -- Brookvi l le  3 . 3 ,  Lower  Kit tanning 
3.1, Middle Kit tanning 2.9, and Clar ion 3.1. 
Freepor t  s p o i l  had a pH v a l u e  of 5.2. 

According t o  t h i s  technique,  
The pH's 

I n  c o n t r a s t ,  t h e  non-toxic Lower 

A l s o  of major importance i n  so i l  chemistry a r e  t h e  exchange p r o p e r t i e s  of  
s o i l s  which a r e  dependent on t h e  n a t u r e  of  t h e  s o i l  c o l l o i d s .  
possess  high sur face  a r e a s  per u n i t  volume, t h e y  have higher  c a t i o n  exchange ca- 
p a c i t i e s  (Slabaugh 1952 
coarse- textured S o i l s .  Hence, a mechanical a n a l y s i s  was  made of t h e  s p o i l  mater ia l .  

S ince  c l a y  s o i l s  

as w e l l  as d i f f e r e n t  phys ica l  p r o p e r t i e s  than  those  o f  
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The material w a s  f i rs t  dry-sieved t o  determine t h e  percentage by wPight of s o i l -  
s i z e  p a r t i c l e s  ( d i m  < 2mm) .  The percentages were as fo l lows:  Lower Freeport ,  
55; Brookvi l le ,  66; Lower Kit tanning,  65; Middle Kit tanning,  54;  and Clar ion,  
55. U s i n g  t h e  hydrometer method of separa t ion  (Bouyoucos 1928) ,  t h e  s o i l  was 
f r a c t i o n a t e d  i n t o  var ious  groups of s e p a r a t e s ,  and a t e x t u r a l  des igna t ion  based 
on t h e  r e l a t i v e  d i s t r i b u t i o n  of t h e  s o i l  s e p a r a t e s  w a s  determined (Table  1). 
On t h e  s p o i l s  s tud ied ,  t e x t u r e  i s  ev ident ly  not a l i m i t i n g  f a c t o r  s i n c e  a t  l e a s t  
h a l f  t h e  p a r t i c l e s  were of s o i l  s i z e  and had a p a r t i c l e  d i s t r i b u t i o n  i n  a loam 
c l a s s .  

Table 1. Mechanical analyses  of  s e l e c t e d  s t r ip-mine s p o i l s  i n  Pennsylvania. 

Seam Sand S i l t  Clay Texture  Class 

percent  percent  percent  

Brookvi l le  50 25 25 Sandy c l a y  loam 

Middle Kit tanning 33 32 35 Clay loam 
Clar ion 30 29 4 1  Clay loam 

Lower Kit tanning 46 28 26 Loam 

Lower Freeport  32 42 26 Loam 

Both c l a y  content  and pH inf luence  t h e  c a t i o n  exchange c a p a c i t y  (CEC) of  
t h e  s o i l .  This term r e f e r s  t o  t h e  capac i ty  of  a s o i l  t o  absorb and hold t h e  
c a t i o n i c  n u t r i e n t  elements t h a t  a r e  used by p l a n t s .  More p r e c i s e l y ,  it is a 
measure of t h e  t o t a l  q u a n t i t y  of  nega t ive  charges p e r  u n i t  weight of  so i l  and 
i s  equal  t o  t h e  sum of t h e  exchangeable hydrogen and t h e  exchangeable bases. 
The measured CEC,varies somewhat according t o  t h e  na ture  of t h e  c a t i o n  
employed, t h e  concentrat ion of t h e  sa l t ,  and t h e  equi l ibr ium pII. Hence it i s  
not a highly exact  bu t  r a t h e r  an equi l ibr ium measurement under chosen condi- 
t i o n s .  

Exchangeable hydrogen w a s  determined according t o  t h e  method of' Woodruff 
(1947) employing a buf fered  s o l u t i o n  and g l a s s  e lec t rode .  
were leached from t h e  sample materials according t o  t h e  method o f  McLean 
(1965), and t h e i r  concent ra t ions  were determined by atomic absorp t ion  spectro-  
scopy. The r e s u l t s  are presented as m i l l i e q u i v a l e n t s  per  100 grams of so i l  i n  
Table 2 and p a r t s  per  m i l l i o n  i n  Table 3. 

The exchangeable bases  
&. 

Table 2. Exchangeable concent ra t ions  of c a t i o n s  and CEC i n  m i l l i e q u i v a l e n t s  per  
100 grams of s o i l  on s e l e c t e d  strip-mine s p o i l s  of  Pennsylvania. 

Lower Middle Lower 
C a t  ion  Brookvi l le  Kit tanning Kit tanning Clar ion Fr eeport  

me/100g me/100g me/100q me/100g meI100g 
C a  0.51 0.20 0.22 0.28 3.20 

1.06 0.42 0.53 0.47 1.12 
K 0.51 0.39 0.44 0.38 0.35 
M g  

Fe 0.13 0.10 0.26 0.25 0.09 
Mn 0.05 0.01 0.01 0.02 0.21 
A 1  1.00 1.60 2.01 2.18 0.05 
H 12. GO 16.00 16.00 16.00 6.00 

CEC 15.2a 18.72 19147 19.58 11.02 
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Table 3. Exchangeable concentrations of cations in parts per million on selected 
strip-mine spoils of Pennsylvania. 

Lower Middle Lower 
Cat ion Brookville Kittanning Kittanning Clarion Fr eeport 

PPm PPm PPm PPm PPm 
Ca 102 41 44 56 640 
Mg 126 50 64 56 135 
K 199 154 17 2 149 136 
Fe 37 28 72 71 26 
Mn 13 2 2 4 58 
A1 90 144 186 197 5 
H 120 160 160 160 60 

A comparison of the spoils reveals that the toxic spoils as a group differed 
from the non-toxic spoil in the cation exchange capacity and in the concentrations 
of hydrogen, calcium, manganese, and aluminum. Although the four toxic spoils 
had higher exchange capacities than the non-toxic spoil, this was mainly a 
result of their much higher hydrogen concentrations. The essential nutrient 
calcium was very low on the toxic spoils in comparison to the non-toxic spoil. 
Since the potentially toxic manganese was considerably higher on the non-toxic 
spoil, it could be eliminated as a potential cause o f  the toxicity on the other 
spoils. However, another potentially toxic element, aluminum, was considerably 
higher on all of the toxic spoils. On three of the spoils, Lower Kittanning, 
Middle Kittanning, and Clarion, the low concentrations of magnesium could 
contribute to the revegetation failures. 
sufficiently among the spoils to be probable limiting factors. 

Neither potassium nor iron differ 

Because of the high concentration of hydrogen ions and the low calcium 
content,the lime requirements of the toxic spoils are quite high. 
Woodruff (1947) method, it would take 6 tons of lime per acre on the Brookville, 
8 tons on the Lower Kittanning, 8 tons on the Middle Kittanning, and 8 tons on 
the Clarion to neutralize the exchangeable hydrogen. 

Concentrations of two additional essential growth elements, nitrogen and 

Based on the 

phosphorus, were also quite low on the toxic spoils (Table 4 ) .  
was determined by the Kjeldahl method (Bremner 1960), and phosphorus, by the 
extraction method developed by Bray and Kurtz (1945). Although the concentration 
of nitrogen on the Lower Freeport spoil exceeded that of the toxic spoils by 
an order of magnitude, it is still low in comparison to average cultivated soils. 

Total nitrogen 

The soluble salt content was determined by measuring the electrical con- 
ductivity with a Solu Bridge (Beckman Instruments Inc. 1967). 
this term refers to the inorganic constituents that are appreciably soluble in 
water. A well fertilized field soil optimum for plant growth would be between 
1.0 and 2.0 millimhos/cm. The soluble salt content was thus quite low for all 
the spoils including the non-toxic Lower Freeport (Table 4). 

As used in soils, 

Based upon the results of these analyses, it seems likely that the 
chemical properties of the spoil banks associated with the Brookville, 
Lower Kittanning, Middle Kittanning, and Clarion coal seams in Pennsylvania 
contribute to the revegetation failures. The two chemical properties which 
seem to be most serious are the low pH's and the high concentrations of ex- 
changeable aluminum. 
the effects of various combinations of pH and aluminum concentration on the growth 
of selected species. 

We are currently conducting studies designed to evaluate 

The low concentrations of the essential nutrients, calcium, 
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nitrogen, phosphorus, and magnesium, suggest the possibility .of improving 
growing conditions through liming and fertilizing. 

' Table 4. Total nitrogen, extractable phosphorus, and soluble salt content on 
selected nine spoils of Pennsylvania. 

Sean Nitrogen Phosphorus Soluble Salt 

percent PPm mi 11 imhos / c y  

arookville 0.003 
' Lower Kittannine, 0.004 

i, Clarion 0.009 
' Lower Freeport 0.070 

Middle Kittanning 0.002 

3 
1 
6 
5 
25 

0 . 3 ~  
0.26 
0.53 
0.11 
0.20 
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EXPERIENCE I N  OPERATING AN EXPERIMENTAL A C I D  MINE DRAINAGE TREATNENT PLANT* 
Char les  T. Holland 

West V i r g i n i a  Un ive r s i ty ,  Morgantown, West V i r g i n i a  

I n  1967, t h e  s t a f f  o f  t h e  School of Mines designed and supe rv i sed  the  cons t ruc t ion  
o f  an acid mine d ra inage  t r ea tmen t  p l a n t  making use  of l i m e  s l u r r y  as a n e u t r a l i z i n g  
agen t  f o r  a p l a n t  s i z e  s t u d y  of n e u t r a l i z a t i o n  of a c i d  mine water. Th i s  p l a n t  w a s  
cons t ruc t ed  t o  handle a t  least  200 g a l l o n s  of wa te r  pe r  minute con ta in ing  around 500 
p a r t s  p e r  m i l l i o n  of i r o n ,  mos t ly  i n  t h e  f e r r o u s  s ta te ,  and having a pH of approx- 
ima te ly  5 wi th  a c i d i t y  runn ing  around 1,000 p a r t s  pe r  m i l l i o n  on t h e  calcium carbonate 
e q u i v a l e n t  b a s i s .  
c r i b e d  i n  a r ecen t  pub l i ca t ion . '  
t h a t  w e  can u s e  f o r  expe r imen ta l  purposes.  
from the-* i s  s h a m  i n  Tab le  1. 

A d e s c r i p t i o n  of  t h e  p l a n t  w i l l  no t  be g iven  because  it w a s  des- 
A t  t h e  p r e s e n t  t i m e ,  we have a range  of f o u r  mines 

The approximate ana lyses  of t h e  waters  

TABLE 1 
ANALYSES O F  A C I D  WATERS FROM MINES 1, 2 ,  3, and 4 

I r o n  
Mine F ie ld  To ta l  Fe r rous  Alum- Calc- Maga- Acid- Sludge T o t a l  

1 3.14 912 783 116 259 69 2400 330 7951 
2 4.64 573 545 36 331 60 1022 166 6014 
3 2.40 2648 1096 5 80 6500 510 18890 
4 2.85 602 242 69 1746 236 8164 
* Calcium Carbonate Equ iva len t  
** M i l l i l i t e r s  of s l u d g e  p e r  l i ter  of w a t e r  t e s t e d  

inum ium ese i t y *  Value** S o l i d s  No. PH 

Extreme d i s t a n c e s  between t h e  w e l l s  i s  about  one mi l e ,  b u t  no w e l l  is much more 
than  about one-half m i l e  from t h e  t r ea tmen t  p l a n t .  

The p l a n t ,  shown i n  F i g u r e  1, is l o c a t e d  on t h e  s i d e  of a h i l l  about 180 f e e t  
above t h e  f l o o r  of t h e  v a l l e y .  
v a l l e y  b u t  t h e  movement of ground water through t h e  low-lying l e v e l  l ands  o f f e r e d  
a problem i n  t h a t  w e  would n o t  know whether ou r  t r ea tmen t  w a s  e f f e c t i n g  a change 
made i n  t h e  water o r  whether  it w a s  due to t h e  ground water. Th i s  s i t e  on t h e  
s i d e  of a h i l l  e l imina ted  t h i s  problem, but  i t  d i d  raise a problem o f  r a i s i n g  water 
from t h e  bottom of t h e  v a l l e y  t o  t h e  e l e v a t i o n  of t h e  p l a n t  which would not  e x i s t  
i n  most ac id  t r ea tmen t  p l a n t s .  

It w a s  o r g i n a l l y  in tended  t o  p l a c e  t h e  p l a n t  i n  t h e  

I n  t h i s  p l a n t ,  which w a s  manually ope ra t ed ,  t h e  fo l lowing  o p e r a t i o n s  were 

1 )  I t  prepared  a l ime  s l u r r y  t o  b e  used f o r  n e u t r a l i z a t i o n .  Th i s  s l u r r y  
c a r r i e d  out .  

was u s u a l l y  p repa red  at a concen t r a t ion  of one pound of l ime  pe r  
g a l l o n  of water. 
excess ive  amounts of  s l u r r y  t o  be  used i n  t h e  t r ea tmen t  p rocess .  

I t  w a s  a r ranged  t o  f eed  t h e  s l u r r y  i n t o  t h e  f eed  wa te r  a t  a r a t e  
t h a t  would e f f e c t  n e u t r a l i z a t i o n  and raise i t  t o  a pH of about  10. 
This high pH w a s  made necessa ry  by t h e  f e r r o u s  i r o n  i n  t h e  water. 
As o u r  n e u t r a l i z a t i o n  cu rves  i n d i c a t e d ,  such i r o n  would n o t  come 
out  completely u n t i l  t h e  pH water w a s  r a i s e d  t o  about 10. 

The t r e a t e d  water w a s  passed  through an a e r a t i o n  p l a n t  which w a s  
designed to  hand le  about  200 g a l l o n s  of wa te r  p e r  minute t o  con- 
v e r t  t h e  f e r r o u s  i r o n  t o  f e r r i c  i r o n  and t o  reduce t h e  pH t o  a 
va lue  accep tab le  by t h e  wa te r  laws of West Vi rg in i a .  

This seemed t o  work very  w e l l  and d i d  n o t  r e q u i r e  

2) 

3) 

1. Holland, C .  T.,  Cor sa ro ,  J. L., Ladish,  D. J . ,  Factors i n  t h e  Design of an Acid 
Mine Drainage Treatment P l a n t ,  Second Symposium on Coal Mine Drainage Research, 
1968, Coal Indus t ry  Advisory Committee t o  t h e  Ohio Val ley  Water S a n i t a t i o n  Corn. 

* This  p r o j e c t  is sponsored  by t h e  Northern West V i r g i n i a  and West V i r g i n i a  Coal 
Assoc ia t ions  and t h e i r  a s s o c i a t e s  by a g r a n t  t h a t  has  exceeded $200,000 a t  t h i s  wr i t i ng .  
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4 )  Following t h i s  o p e r a t i o n  t h e  water w a s  passed through a s e t t l i n ;  >d. 1:1 

hold ing  about  300,000 g a l l o n s  which al lowed t h e  i r o n ,  b o t h  f e r r o u s  
and f e r r i c ,  aluminum,as w e l l  as t h e  calcium s u l f a t e  formed t o  pre-  
c i p i t a t e ,  and t h e  c l e a r  water t o  f low i n t o  t h e  s t reams of t h e  staLe. 
The ponds were l a r g e  enough t o  accommodate t h e  accumulat ion of 
s ludge  f o r  two days t o  f o u r  o r  f i v e  days o p e r a t i o n  depending upon 
t h e  c o n c e n t r a t i o n  of i r o n  and a c i d .  

By means of  a diaphragm s l u r r y  pump t h i s  s ludge  w a s  pumped from 
t h e  r e c e i v i n g  b a s i n s  i n t o  a s ludge  s t o r a g e  b a s i n .  

Here arrangements  were made t o  decant  t h e  water from t h e  s l u d g e  
as i t  s e p a r a t e d  and t o  expose as l a r g e  an area as w a s  p o s s i b l e  
t o  t h e  atmosphere t o  encourage e v a p o r a t i o n .  The s ludge  pon? 
w a s  a l s o  c o n s t r u c t e d  w i t h  t h e  thought  i n  mind tha t  some water 
would s e e p  through t h e  w a l l s  of t h e  e a r t h - f i l l e d  b a s i n  and 
a i d  i n  c o n c e n t r a t i n g  t h e  s l u d g e .  A s  i t  w i l l  be  noted l a t e r  
on in t h e p a p e r ,  t h i s  s ludge  d i s p o s a l  b a s i n  d i d  a very good 
j o b  of c o n c e n t r a t i n g  t h e  s l u d g e  and removing t h e  water a t  t h e  
ra te  a t  which w e  o p e r a t e d .  

5) 

6) 

OPERATION 
The p l a n t  t r e a t e d  d i f f e r e n t  waters i n  p e r i o d s .  From A p r i i  1 u n t i l  ' 1 8  -i , 

i t  opera ted  on water from mine No. 1. 
days p e r  week wi th  t h e  t i m e  from August 21 u n t i l  October  4 non-opera t ive  because 
of a breakdown i n  t h e  deep w e l l  mine pump. 

The o p e r a t i n g  rate w a s  16 hours  p e r  day f i v e  

From December 18, 1967 t o  February 19,  1968,  we w e r e  i n  t h e  p r o c e s s  of l a y i n g  
a p i p e l i n e  between t h e  p l a n t  and mine No. 2. 
of t h e  s e v e r i t y  of  t h e  weather .  

The o p e r a t i o n  was de layed  because 

From February 19 t o  August 1 2 ,  w e  o p e r a t e d  1 6  hours  p e r  day f i v e  days  p e r  week 
on water from mine No. 2 wi th  t h e  e x c e p t i o n  of  a week o u t  from A p r i l  3 t o  A p r i l  10,  
because of  a f a i l u r e  of t h e  deep w e l l  pump a t  mine No. 2. 

From August 1 2 ,  1968 t o  September 20, 1968, w e  o p e r a t e d  on water from mine No.  2 ,  
No. 3, and N o .  4 mixed. Again t h e  o p e r a t i n g  t i m e  w a s  16 hours  p e r  day f i v e  days p e r  
week b u t  c o n s i d e r a b l e  t i m e  w a s  l o s t  due t o  s u l f a t i o n  prevent ing  o p e r a t i o n s  i n  t h e  
p l a n t .  

From September 20, 1968 t o  October  20, 1968,  w e  o p e r a t e d  on mine waters  from 
mine No. 3 and No. 4. Again c o n s i d e r a b l e  t i m e  w a s  l o s t  d u r i n g  t h i s  p e r i o d  because  
of s u l f a t i o n  d i f f i c u l t i e s .  

The f low s h e e t  of  t h e  p l a n t  i s  shown i n  F i g u r e  2. 

OPERATING RESULTS MAKING SLURRY 

any k i n d  h a s  occurred w i t h  t h i s  a p p a r a t u s  o t h e r  than  t h e  normal amount of a t t e n t i o n  
t o  keeping t h e  appara tus  s e c u r e l y  f a s t e n e d  t o  t h e  mixing tank  and items o f  a l i k e  
n a t u r e .  Only one shut-down i n  n e a r l y  two y e a r s  of  o p e r a t i o n  w a s  occas ioned  by t h i s  
a p p a r a t u s  and t h i s  w a s  t h e  f a u l t  of  t h e  o p e r a t o r .  

SLURRY FEED APPARATUS 

a c o n s t a n t  o r  very n e a r l y  c o n s t a n t  head arrangement .  The one shown i n  t h e  f low 
diagram (Fig .  1) is t y p i c a l .  
s toppage of t h e  p i p e ,  and s toppage  of  t h e  pump so as t o  r e f u s e  t o  o p e r a t e .  
s l u r r y  seems t o  have t h i s  p r o p e r t y ,  o f  forming s o l i d s  i n  p i p e s ,  v a l v e s ,  and pumps, 
and i t  is suggested t h a t  t h i s  a p p a r a t u s  be i n s t a l l e d  i n  d u p l i c a t e  so t h a t  one f e e d e r  
can be  r e p a i r e d  whi le  t h e  o t h e r  o p e r a t e s .  

Our appara tus  f o r  making s l u r r y  proved t o  b e  q u i t e  a c c e p t a b l e .  No t r o u b l e  of  

Throughout t h e  exper iments ,  t h e  s l u r r y  f e e d  a p p a r a t u s  c o n s i s t e d  of  some kind  of  

Cons iderable  t r o u b l e  c o n s i s t e d  of s toppage  of t h e  v a l v e s ,  
Lime 
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A t  f i r s t  w e  had a 
four - inch  PVC* p i p e  through which w e  f o r c e d , t h i s  water a f t e r  adding t h e  l i m e .  
p i p e  became clogged r a t h e r  q u i c k l y  and w a s  a c o n s t a n t  s o u r c e  of t r o u b l e .  Then w e  
b u i l t  a one-foot  s q u a r e  wooden flume wi th  s u f f i c i e n t  s l o p e  t o  carry t h i s  material 
t o  t h e  a e r a t o r .  
c leaned  r e g u l a r l y  e v e r y  day .  However, t l d s  flume has  been t h e  s o u r c e  of some t r o u b l e  
when t r e a t i n g  s t r o n g l y  m i n e r a l i z e d  water, because of d e p o s i t e d  material in t h e  flume. 
AERATION EQUIPMENT 

p l a n t  t o  keep i n  o p e r a t i o n .  This  w a s  because t h e  t r e a t e d  mine water c o n t a i n s  cal- 
cium s u l f a t e  u s u a l l y  i n  s u p e r s a t u r a t e d  s o l u t i o n  as w e l l  as, i n  our  p a r t i c u l a r  waters, 
u s u a l l y  a l a r g e  q u a n t i t y  o f  f e r r o u s  and f e r r i c  hydroxide ,  and some aluminum. Some 
f o u r  t y p e s  o f  air  d i s p e r s a l  equipment were used t r y i n g  t o  overcome t h i s  d i f f i c u l t y .  
Type 1 c o n s i s t e d  of  a s p e c i a l  t y p e  a e r a t o r  d e v i s e d  f o r  t r e a t m e n t  o f  metall ic o r e s .  
This one d i d  n o t  s u p p l y  s u f f i c i e n t  a e r a t i o n .  The second type  o f  a i r  d i s p e r s a l  equip- 
ment used was a ceramic pad,  somewhat similar t o  t h a t  used by chemis ts  f o r  a e r a t i o n  
i n  l a b o r a t o r i e s  b u t  on a much l a r g e r  scale. T h i s  u n i t  gave f i n e  d i s p e r s a l  of t h e  
a i r  and worked f a i r l y  w e l l  on  water from mine No. 2 ,  which was lower i n  a c i d  and i r o n .  
When a p p l i e d  to  a mixture  o f  water from mines No. 2 ,  No. 3, and No. 4 ,  however, i t  
w a s  a complete f a i l u r e .  
d i s p e r s a l  u n i t  was a home-made j o b  t h a t  w a s  made by d r i l l i n g  3/64" h o l e s  in 2" PVC 
p i p e  and a r r a n g i n g  t h i s  a t  t h e  bottom o f  t h e  a e r a t o r .  T h i s  worked very w e l l  f o r  a 
few days b u t  s h o r t l y  s t o p p e d  up when water from mine No. 2 ,  No. 3, and No. 4 were 
mixed and passed through t h e  aerator. The b e s t  r e s u l t s  were o b t a i n e d  by u s i n g  an 
a i r  d i s p e r s i o n  device  which c o n s i s t e d  o f  a PVC tube  t h a t  in t roduced  t h e  a i r  i n s i d e  
of  k n i t t e d  socks.** This d e v i c e  comes i n  t w o  l e n g t h s ,  one some t w o  f e e t  long  and one 
about  e i g h t  inches  l o n g ,  b o t h  worked v e r y  w e l l .  I n  water from mine No. 2 ,  l i t t l e  
t r o u b l e  w a s  exper ienced  i n  t h i s  t y p e  of  a i r  d i s p e r s a l  u n i t .  
mines No. 2 ,  No. 3 ,  and No. 4 mixed, and No. 3 and No. 4 mixed, arrangements  had t o  
b e  made t o  c l e a n  t h e s e  s o c k s  once every  day. 
s h o u l d  b e  purchased in d u p l i c a t e  sets. I n  g e n e r a l ,  w e  are n o t  s a t i s f i e d  completely 
w i t h  any o f  t h e  air d i s p e r s i o n  u n i t s  we have used .  
u n i t  i n  o u r  s e t t l i n g  ponds because  t h e  ponds were comparat ively sha l low and d i d  not  
have c o n c r e t e  bot toms;  and we  thought  t h a t  t h e  mud k icked  up by t h i s  d e v i c e  would 
more t h a n  o f f - s e t  i t s  advantages .  

T h i s  p a r t  of  t h e  p l a n t  gave u s  c o n s i d e r a b l e  t r o u b l e  a l s o .  
T h i s  

T h i s  proved  t o  b e  a n  improvement over  t h e  p i p e  because i t  could be  

The a e r a t i o n  equipment  h a s  proved t o  be  one of  t h e  most d i f f i c u l t  p a r t s  of t h e  

It  w a s  almost i m p o s s i b l e  t o  keep the  pads o p e r a t i n g .  Type 3 

However i n  water from 

Consequently when u s i n g  them, they 

We d i d  n o t  t r y  a s u r f a c e  a e r a t i o n  

The a i r  t o  t h i s  p l a n t  is s u p p l i e d  bX two blowers  developing a p r e s s u r e  of 1 
pound p e r  s q u a r e  i n c h  and r a t e d  300 CFM. 
develop 2 pounds p e r  s q u a r e  inch  and d e l i v e r  up t o  475 CFM. 
have t w o  s e c t i o n s  and i n  e a c h  s e c t i o n  are 1 4  a i r  d i s p e r s i o n  u n i t s .  
o b t a i n e d  from t h e  u n i t  as a whole are shown i n  Figure  3 .  
sham i n  F i g u r e  4. 

These blowers  are p l a c e d  i n  series s o  they 
These a e r a t i o n  u n i t s  

The r e s u l t s  
The u n i t  i n  o p e r a t i o n  is 

Opera t ing  between t h e  flume from t h e  t r e a t m e n t  p l a n t  and t h e  a e r a t o r  tank  is 
This pump works w e l l  a 200 GP# c e n t r i f u g a l  pump working a g a i n s t  a 10 f o o t  head.  

i n  low-sul fa te  water b u t  when t h e  water b e g i n s  t o  approach t h e  s a t u r a t i o n  p o i n t  wi th  
calcium s u l f a t e ,  t h e  i m p e l l e r s  and eye of  t h e  pump became clogged w i t h  d e p o s i t e d  
s u l f a t e .  
such a u n i t  be  i n s t a l l e d  i n  d u p l i c a t e  so t h a t  p l a n t  o p e r a t i o n s  may cont inue  whi le  
r e p a i r s  are being made to  one D ~ D .  

This has proved t o  b e  v e r y  t roublesome,  and i t  seems b e s t  t o  a d v i s e  t h a t  

. .  
SETTLING BASINS 

The s e t t l i n g  b a s i n s  (shown i n  Fin.  1) are about  2 2 0  f e e t  lonn  and have a c r o s s  
s e c t i o n  area of about  150 s q u a r e  feet :  
by  a f a c t o r  of 3, t h e y  have  worked w e l l .  
b a s i n  were t r i e d ,  c o n t i n u o u s  o p e r a t i o n  and c y c l i c a l  o p e r a t i o n .  
p o s s i b l e  and s a t i s f a c t o r y ,  b u t  f o r  o u r  p a r t i c u l a r  case  t h e  a l t e r n a t e  use  of  b a s i n s  
and pumping them o u t  c y c l i c a l l y  seemed t o  g i v e  t h e  b e t t e r  r e s u l t s .  

Even though w e  a t  times, overloaded t h e  des ign  
Two ways of removal of  s l u d g e  from t h e  

Both proved t o  be  

J' 

I 

1 

I 

I 

*Poly Vinyl  Chlor ide  (PVC) Cubic Fee t  P e r  Minute (CFM) Gal lon P e r  Minute (GPM) 
** Hade of nylon 

i i  
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SLUDGE PUMP AND PIPING UNIT 
This u n i t  which removed t h e  d i l u t e  s ludge  from t h e  s e t t l i n g  b a s i n s  and 

d e p o s i t e d  i t  i n  t h e  s ludge  s t o r a g e  b a s i n  worked very w e l l  indeed ,  
t h e  work done a t  t h e  p l a n t ,  l i t t l e  t r o u b l e  has  been encountered .  I t  i s  n e c e s s a r y  
t o  have a s u r g e  tank  on b o t h  t h e . s u c t i o n  and d i s c h a r g e  of  t h i s  s l u d g e  pump, which 
was a diaphragm type  pump. I f  t h e s e  a r e  n o t  t h e r e ,  i t  i s  d i f f i c u l t  t o  p r e v e n t  a 
g r e a t  d e a l  of  v i b r a t i o n  and c o n s i d e r a b l e  w a t e r  hammer i n  t h e  l i n e s .  No t r o u b l e  was 
experienced wi th  su1fat ion"with any p a r t  of  t h i s  p i e c e  of equipment. 

SLUDGE DISPOSAL BASIN 
This  b a s i n ,  s h a m  i n  F igure  1, proved t o  b e  adequate  and i t  h a s  performed b e t t e r  ~ 

than  expec ted  throughout  t h e  o p e r a t i o n  of t h e  p l a n t .  Troubles  exper ienced  h e r e  con- I 

s i s t e d  p r i n c i p a l l y  of  t h e  water d e c a n t a t i o n  system becoming clogged w i t h  s l u d g e  

as throughout  

p r i m a r i l y ,  w e  b e l i e v e ,  b e c a u s e , o f  t h e  amount o f  calcium s u l f a t e  tha t  w a s  c a r r i e d  i n t o  
t h e  s l u d g e  b a s i n .  This  a g a i n  a c t e d  t o  c l o g  up t h e  p i p e s  and p r e v e n t  as e f f i c i e n t  

h d e c a n t a t i o n  as w e  would have l i k e d  t o  have had. 

WATER QUALITY OBTAINED 

p l a n t  and of t h e  t r e a t e d  water f lowing from t h e  p l a n t .  
p resented  two v a l u e s  f o r  t h e  water f e d  t o  t h e  p l a n t .  

1) The average  v a l u e  o f  a l l  t h e  water f e d .  
2) 

I n  Table  I1 and 111, w e  have presented  a n a l y s e s  of t h e  raw water f e d  t o  t h e  
It w i l l  b e  n o t e d ,  w e  have  

An approximate one-week run  showing t h e  v a r i a t i o n  and r e s u l t s  ach ieved  
d u r i n g  one r e p r e s e n t a t i v e  week. 
t h e  a n a l y s e s  f o r  t h e  t r e a t e d  water d u r i n g  t h e  one-week sample run .  

t h a t  r e s u l t s  have been q u i t e  good and t h a t  w e  have,  i n  g e n e r a l ,  k e p t  the i r o n  i n  t h e  
overf low water less than  5 p a r t s  p e r  m i l l i o n ,  and in some cases even less t h a n  1 p a r t  
p e r  m i l l i o n .  
between 9.5 t o  10.5 depending on t h e  water. 
and No. 4, and No. 2 ,  No. 3, and No. 4 due t o  d i f f i c u l t i e s  from s u l f a t l o n  and some 
t r o u b l e  w i t h  t h e  s l u r r y  f e e d  a p p a r a t u s ,  w e  were n o t  a b l e  t o  m a i n t a i n  t h e  pH a t  t h e  
v a l u e  w e  would have l i k e d  t o  have had. I t  w i l l  b e  noted  i n  t h e s e  c a s e s  t h e  i r o n  
i n  t h e  e f f l u e n t  water h a s  been q u i t e  h igh ,  a l though i n  t h e  case of t h e  m i x t u r e  from 
mines No. 3 and No. 4, w e  have been a b l e  t o  keep i t  f a i r l y  close t o  t h e  s ta te  l i m i t s .  
I n  t h e  e f f l u e n t  water from mines No. 2 ,  No. 3, and No. 4 ,  w e  have n o t  been  a b l e  t o  , 

do t h i s  q u i t e  so w e l l .  T h i s  i s  because  w e  had n o t  l e a r n e d  t o  cope q u i t e  so w e l l  wi th  
t h e  e f f e c t s  of  s u l f a t i o n .  

I n  t h e  overf low,  we have p r e s e n t e d  

It  w i l l  b e  noted ,  i n  t h e  case of  waters t r e a t e d  from mine No. 1 and No. 2 ,  

T h i s  is  only  accomplished,  however, by r a i s i n g  t h e  pH to  a v a l u e  l y i n g  
I n  t h e  mixed waters from mines No. 3 

When t h e  water was t r e a t e d  a l l  of t h e  water  d i scharged  w a s  compara t ive ly  h igh  
i n  calcium which means t h a t  t h e  water w i l l  be  a h a r d  water. In mine N o .  2 ,  t h e  water  
d i scharged  c o n t a i n s  more t o t a l  s o l i d s  than  d i d  t h e  water e n t e r i n g  t h e  p l a n t .  
case of mines No. 1, and t h e  mixture  from mines No. 2 ,  No. 3, and N o .  4, and from 
mines No. 3 and No. 4 ,  w e  have been a b l e  t o  a p p r e c i a b l y  lower t h e  t o t a l  s c l i d s  in 
t h e  water. Such t o t a l  s o l i d s  are n o t  inc luded  i n  t h e  s t a n d a r d s  o f  t h e  s t a t e  s o  t h i s ,  
a t  p r e s e n t ,  is n o t  r e a l l y  a s e r i o u s  d i f f i c u l t y .  

In  t h e  

Not much t a s t i n g  of t h e  water f e d  t o  t h e  p l a n t  w a s  done by anyone, b u t  i t  can 
be  s a i d ,  in g e n e r a l ,  t h e  taste of t h e  water, t o  p u t  i t  m i l d l y ,  w a s  u n s a t i s f a c t o r y .  
The t rea tment  p r o c e s s  g r e a t l y  improved t h e  tas te ,  a l though even w i t h  t h e  treatment 
which w e  have i n  t h i s  p l a n t ,  t h e  taste of t h e  e f f l u e n t  water i s  n o t  p a r t i c u l a r l y  
d e s i r a b l e .  

These r e s u l t s  i n d i c a t e  t h a t  w i t h  h igh  a c i d  waters, t r e a t m e n t  is going  t o  b e  more 
d i f f i c u l t  than  w i t h  more amendable water and s u l f a t i o n  is going to  pose  some real  
s e r i o u s  problems. 

* Depos i t s  of  calcium s u l f a t e  mixed wi th  i r o n  hydroxide from t h e  t r e a t e d  water 
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Table I1 
Operating Resu l t s  of the 

Acid Mine Drainage Treatment 'Plant 
Water Quality 

Feed Water 

Ferrous 
Iron 

783 

762 
787 
782 
778 
391 
760 

545 

546 
550 
542 
530 

831 

982 
773 
973 
979 
563 

1147 

1309 
908 

1282 
1198 
1248 
1206 
1025 
130 1 

Alum 
inum - 

Aver, 
116 

137 
144 
98 
116 
15 1 
NIA 

Ave r< 
36 

35 
13 
39 
42 

Mil 
Averi 
2 70 

4 14 
250 
295 
2 16 
179 

Aver, 
434 

444 
333 
475 
450 
452 
435 
456 
451 

a lc ium 

Mine N o  

e of Com 

Week Sam 
259 

312 

276 

Mine No 
e of  Cam 
331 

Week Sam 

s Nos. 2 
e of Com 

Week Sam 
110 

152 

Mines 3 
,e of Com 

Week Sam 
16 1 

165 
174 

Magne s - 
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1 

e t e  Test 
69 

e 

22 

138 

2 
e t e  T e s t  

e 
60 

3, & 4 
e t e  Test 

e 
37 

46 

4 
ete Test 

e 
33.8 

' 46 
4 

bciditv 

2400 

2160 
2080 
2 120 
2060 
2090 
2110 

1022 

1000 
995 
960 
990 

3706 

2790 
2278 
2155 
2109 
3027 

647 3 

7406 
538 1 
7180 
7242 
7168 
7076 
7172 
7343 

Sludge 
Volume 

330 

280 
420 
300 
340 
290 
380 

166 

130 
100 
130 
260 

1398 

536 
464 
270 
456 
272 

490 

546 
3 96 
472 
506 
5 12 
476 
472 
406 

S o l i d s  

7951 

7838 
7937 
7715 
8005 
7522 
7753 

60 14 

4858 
4780 
4930 
48 90 

10400 

13954 
10453 
10532 
9848 
9410 

15138 

16201 
13539 
14582 
16164 
14182 
14996 
15427 
25372 

- 
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N i l  
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N i l  
N i l  
N i  1 
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9.80 
9.50 
9.90 
9.4 
10.5 

8.00 
8.68 
8.50 
8.22 
8.05 
6.30 
6.70 

1.93 
7.99 
5.51 
10.01 
7.81 

11.15 
8.41 

11.13 
10.28 
8.29 
10.28 

504 

Mine No. 
Week Sample 

7 60 

744 

i n e s  1, 2 ,  
Week Sample 

692 

74 6 

Mines 3 & 

Week Sample 

972 
912 

ield 

10.7 
10.0 
10.8 
10.0 
11 

7.95 
9.0 
6.0 
8.5 
7.75 
6.65 
7.6 

7.9 
7.5 
5.85 
9.9 

11+ 
7- 
9+ 
7+ 
6+ 
11 

70 

2 

83  

1 1 2  

& 3 

135 

99 

4 

111 
113 

O p e r a t i n z a k k u € $ i  bf t h e  
Acid Fline Drainage Treatment P l a n t  

' Water Q u a l i t y  ' 

Trea ted  Water 
- 
Tota l  

I ron  - 
, F e r r o u s  

I r o n  

2 
4 
1 
3 
2 
20 
6 

13.7 
10.8 
19.5 
16.1 
4.7 

N i  1 
35.1 
5.8 
1.3 
4.7 
3.6 

N i l  
N i  1 
N i  1 
N i l  
N i  1 
N i  1 
N i l  

N i  1 
N i  1 
5.3 
N i l  
N i l  

. N i l  
21.5 
N i  1 
N i  1 
N i l  
N i l  

- 
Alum- 
inum 

35 
15 
1 7  
12 
8 

20 
19 
20 
26 
26 
22 
23 

.82 

.83 
1.06 
.51 
.68 

7.4 
3.02 
0.1 
36 
25.4 
15.9 

Magnes- 

854 24 
690 I 34 

A c i d i t y  
Sludge 
Volume Total  - 

4265 
4000 
3970 
4450 
3741 

4193 
4278 
4360 
4292 
4587 
4400 
4253 

4107 
4372 
5059 

L3,92: 
4460 

5764 
5935 
5087 
5898 
5368 
5419 

607 
485 
101.5 
585 

150 
140 
180 
141 
88 
132 
60 

392 
237 
3502 
1827 
879 

119 
1753 
737 
2 96 
1988 
155 

HARDNESS 

mine No. 2 is q u i t e  h i g h .  AS an exper iment ,  i t  w a s  dec ided  t o  treat t h i s  wa te r  w i th  
sodium carbonate  t o  reduce  t h i s  ha rdness  t o  some a c c e p t a b l e  va lue .  
a p l a n t  was designed t h a t  would t r ea t  10 g a l l o n s  of water p e r  minute  and feed  
t h e  sodium carbonate  i n  t h e  r equ i r ed  amounts a u t o m a t i c a l l y .  The p l a n t  is shown i n  
F igu re  5. 
under a cons t an t  head ,  through a f i x e d  o r i f i c e .  The r e s u l t s  of t h i s  experiment are 
shown i n  Table  I V .  It w i l l  b e  noted t h a t  t h e  ca lc ium ha rdness  was  w e l l  t aken  care 
of by t h e  sodium ca rbona te .  The sodium ca rbona te  method of  n e u t r a l i z i n g  ha rdness ,  
however, has  some s e r i o u s  d i sadvan tages .  One is wi th  h igh  c o n c e n t r a t i o n s  of calcium 
s u l f a t e  i n  the  water  t o  be  removed by t h e  sodium ca rbona te  as i n  t h i s  c a s e ,  i t  

I t  w i l l  be  observed in Table  111, t h a t  t h e  ha rdness  o f  t h e  t r e a t e d  water from 

Consequently,  

Both t h e  in f low water and t h e  sodium ca rbona te  are a r r anged  t o  o p e r a t e  
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l e a v e s  the water  wi th  a s t r o n g  s a l i n e  taste. T h i s  would be more u n d e s i r a b l e  than ( 

would t h e  hardness .  The c o s t  of t h e  sodium c a r b o n a t e  to  c o r r e c t  t h i s  hardness  
is 41 c e n t s  per  thousand g a l l o n s  o f  water t r e a t e d .  The t o t a l  c o s t  of t h e  t r e a t -  , 
ment, inc luding  c o s t  o f  p l a n t ,  l a b o r ,  e l e c t r i c i t y ,  e t c . ,  f o r  c o r r e c t i o n  of hardness  
would e a s i l y  run twice  t h i s  amount. 
water a t  t o o  high a pH. to  conform t o  t h e  water l a w s  of West V i r g i n i a .  

A f i n a l  d i sadvantage  i s  i t  d i s c h a r g e s  t h e  

T o t a l  
I r o n  

4 
2 
1 
1 
1 

1 
1 
1 
1 
1 
2 
1 
2 

I PH F e r r o u s  
I r o n  

Feed Wat 

N i l  
N i l  
N i  1 
N i l  
N i l  

Overf low W a t  

N i l  
N i  1 
N i l  
N i l  
N i l  
N i l  
N i  1 
N i l  

Lab 

7 -32 
8.10 
8.49 
7.70 
7.35 

8.00 
9.30 
9.95 
10.20 
10.22 

9.80 
8.30 

10. 15 

i e  Id - 

7.5 
8.5 

8.4 
7.6 

8.15 
9.3 
9.6 
9.85 
10.15 

10.4 
8.65 

10.135 

Table  I V  
R e s u l t s  of . T r e a t i n g  Water From Mine 2 

From Treatment  P l a n t  With Sodium Carbonate 
To Reduce Hardness 

A l ~ m -  
inum 

From Ac 

8 
20 
10 
15 
7 

Fro- 'rq: 

Ca 1 ciun 

Trea t r  

320 

ness  TI 

24 
N i  1 
N i l  
N i l  
N i l  
N i  1 
N i  1 
80 

Nagnes - 
ium 

t P l a n t  

97 

tment Pli 

49 
50 
58 
52 
58 
58 
58 
117 

S o l i d s  
T o t a l  Susp. 

4616 
4446 
2814 
4265 
4336 

3870 
4112 
4480 
4750 
4886 
4737 
4374 
3980 

26 
20 
3 15 
40 
65 

170 
12 
12 1 
115 
83 
70 
58 

SLUDGE FORMED 
The c o s t  of d i s p o s i n g  o f  t h e  s l u d g e  when t r e a t i n g  a c i d  mine d r a i n a g e  h a s  always 

been  a bug-a-boo. 
is concerned is  shown i n  T a b l e  V. It w i l l  be  noted  i n  t h i s  t a b l e ,  t h a t  i n s o f a r  as  
t h e  format ion  of s l u d g e  is  concerned,  l a r g e  q u a n t i t i e s  are formed i n  the s e t t l i n g  
b a s i n .  
and decant  t h e  c l e a r  water from t h e  s l u d g e  s t o r i n g  b a s i n ,  a very  good j o b  has  been 
done of reducing t h e  l a r g e  volume o f  s l u d g e  t o  a r a t h e r  small one. 

The r e s u l t s  of o u r  exper imenta t ion  i n s o f a r  as format ion  o f  s ludge  

It w i l l  a l s o  b e  n o t e d  t h a t  even by as s imple  a p r o c e s s  as l e t t i n g  i t  evapora te  

I t  w i l l  be noted  t h a t  i n s o f a r  as t o t a l  volume of water t r e a t e d  i s  concerned t h a t  
as of October  20, 1968, o n l y  2 p e r  c e n t  of  i t  remained i n  t h e  storage b a s i n  as s ludge;  
and of t h e  s ludge e s t i m a t e d  to  have been d e p o s i t e d  i n  t h e  s e t t l i n g  b a s i n  t h a t  only 
7 p e r  c e n t  remains i n  t h e  s t o r a g e  b a s i n .  

I n  connect ion w i t h  t h i s  though, i t  should  b e  remembered t h a t  o u r  p l a n t  has  not  
been cont inuous ly  o p e r a t e d ,  i n  t h a t  i t  is o p e r a t e d  o n l y  f i v e  days p e r  week and 
1 6  hours  p e r  day; and t h e r e  have been  p e r i o d s  t h a t  i t  d i d  n o t  o p e r a t e  a t  a l l  during 
t h e  n e a r l y  t w o  years t h e  s t u d y  has  been going a long .  Our b e s t  estimate of  t h e  
c a p a c i t y  of t h i s  s ludge  b a s i n  t o  c o n c e n t r a t e  s l u d g e  is, t h a t  i f  we had opera ted  24 
hours  a day, 365 days a year,we ,-ouid llave handled about 200,000 g a l l o n s  p e r  24 hour 
day of water conta in ing  around 2500 p a r t s  p e r  m i l l i o n  a c i d ,  and 900 p a r t s  p e r  m i l l i o n  
i r o n .  With t h i s  type  of f e e d  water, t h e  s l u d g e  remaining i n  the pond a t  t h e  end of 
the year* we e s t i m a t e .  v o u i d  n o t  be  more t h a n  3 p e r  c e n t  of t h e  water 
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When t r e a t i n g  wa te r  such as e x i s t e d  i n  mine No. 2 ,  w e  could  have handled p o s s i b l y  
t h r e e  t imes  t h i s  much water, bu t  had we been t r e a t i n g  water such as t h a t  water from 
mines No. 3 and No. 4 when mixed, the  amount of water t r e a t e d  would probably  have 
to  be reduced.by one t h i r d .  

TABLE V 
OPEBATING DATA PERTAINING TO SLUDGE 

OPERATING DATA 
Pe r iod  Water Trea ted  Estimated Sludge Remaining T o t a l  Sludge i n  Pond 

Volume of i n  Sludge S to rage  a s  O v e r a l l  Percentage  
Sludge Pumped 
from S e t t l i n g  
B u i r u  

Average Gallons Pe rcen t  of 
T o t a l  Pumped Gals. Sludge Water Sludge Water 
Ac id i ty  Pumped Trea ted  Pumped Pumped 

Apr. 1 
t o  Dec. 2399 21,801,000 7,200,000 596,000 8.3 2.7 8 .3  2.1 
18, '67 
Feb. 1 9  
'68 t o  
Aug- 1 2  1022 11,628DO00 1,850,000 24,000 1 .3  -12 6 . 4  1.9 
'68 
p g .  1 2  

68  t o  
Sept .  20 3707 , 3,160,000 1,140,000 20.000 1.8 0 . 6  6.9 1 . 7  
'68 
Sept.  20 
'68 to 

'68 
O c t .  20 6473 2,319,000 1 , 1 4 0 , ~ O  191,000 16.6 8.3 7.0 2 . 0  

TABLE V I  
SLUDGE ANALYSIS AT VARIOUS DATES 

Percentages  of 

LIME REQUIRED 

These r eco rds  were compared w i t h  t h e  WeiBhtS of l i m e ,  and t h e  t h e o r e t i c a l  amount of 
l ime r equ i r ed  t o  n e u t r a l i z e  t h e  a c i d .  The agreements are c l o s e  in a l l  cases. I t  
w i l l  b e  noted by consu l t ing  Table  V I 1  t h a t  t h e  amount of l i m e  r equ i r ed  t o  t r e a t  w a t e r  
i n  thousand ga l lon  u n i t s  and p e r  p a r t  p e r  m i l l i o n  of a c i d  i n  t h e  w a t e r  v a r y  some- 
what. Th i s  is due t o  e e v a r a l  cauaeo. ( I )  I n  t h e  case of t h e  w a t e r  t r e a t e d  from 
mine No. 2 ,  No. 3, and No. 4 . l ight i n s u f f i c i e n c y  i n  l i m e  e x i s t e d .  This same is 
a l s o  true t o  a lesser e x t e n t  in t h e  c u e  of t h e  mixed water from mines N o .  3 and No. 4. 
Other  factors t h a t  e n t e r e d  w t e  tho  (2) presence  of b ica rbona te s  and (3) d i s s o l v e d  

Care fu l  r eco rds  were kep t  of t h e  l ime r equ i r ed  as we went a long  w i t h  ou r  program. 

GO2. 
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T a L E  V I 1  

LIME REQUIRED FOR TREATING WATER AND COST AT $24/TON 
Cost of L i m e  i n  
Cents per  1000 Water 

T rea t ed  Lbs. of Lbs. of Lime/ Gals. per  p a r t  
I n  1000 Lime Used 1000 G a l .  Per per  Mi l l i on  of 

G a l .  Un i t s  Pe r P a r t  Per  Mi l l i on  Acid With Lime 
Per iod  Trea ted  1000 Gal. of Acid i n  Water at $24 per  t o n  

Apr.l-Dec.18,1967 21800 14.8 
Feb.13-Aug.12,1968 11628 8.4 
Aug.l2-Sept.10,1968 3160 19.7 
Sept.12-0ct.16,1968 2319 40.7 

.0063 .0076 

.0081 .0098 

.0053 .0064 

.0063 .oo76 

Average .0065 .008 

ECONOMICS 
Opera t ing  t h i s  p l a n t  has  g iven  u s  some i n s i g h t  i n t o  t h e  economics o f  a c i d  mine 

d ra inage  t r ea tmen t  by l i m e  n e u i r a l i z a t i o n .  Three q u e s t i o n s  h e r e  are paramount; namely, 
what w i l l  it c o s t  and how much and what k ind  of l and  w i l l  be  r equ i r ed  on which t o  
b u i l d  a p l a n t .  

Costs of t r ea tmen t  are d i f f i c u l t  t o  e s t i m a t e .  This  is t r u e  because  t h e  cost 
of l i m e  v a r i e s  w i th  t h e  l o c a t i o n  of t h e  t r ea tmen t  p l a n t  w i t h  r e s p e c t  to  t h e  n e a r e s t  
l ime  producer .  Also,  costs o f  l a b o r  vary from one s e c t i o n  t o  another .  The c o s t s  
of c o n s t r u c t i o n  a l s o  v a r y  wi th  l o c a t i o n  and type  of excava t ion  r equ i r ed .  Also,  as 
s h a m  i n  Table  V I I S  some d i f f e r e n c e s  e x i s t  among mine waters i n  t h e  amount of l i m e  
r equ i r ed  f o r  n e u t r a l i z a t i o n .  So t h e  c o s t s  g iven  are based on ou r  exper ience ,  and 
h e r e  the c o s t  o f  t h e  l a n d  f o r  t h e  p l a n t  w a s  low. 
and we had no hard  rock excava t ion  t o  do. 
a p p l i e d ,  b u t  w e  b e l i e v e  they  g i v e  us some i n d i c a t i o n  of c o s t s .  Our e s t i m a t e s  f o r  
t h e  c o s t  of t r e a t i n g  a c i d  mine water are shown i n  Table  V I I I .  It w i l l  be  noted  
t h a t  the c o s t  w i l l  be s u b s t a n t i a l ,  and i t  i n c r e a s e s  as the a c i d i t y  of t h e  water 
i n c r e a s e s .  

We allowed about  $200 p e r  a c r e  
The re fo re  our f i g u r e s  cannot be  b l i n d l y  

Our expe r i ence  i n d i c a t e s  t h a t  t h e  s ludge  product ion  w i l l  no t  be  as l a r g e  as 
a t  f i r s t  f e a r e d ;  bu t  i t  i s  s t i l l  s u b s t a n t i a l .  I f  i t  has t o  be s t o r e d  i n  s u r f a c e  
d i s p o s a l  u n i t s ,  then i n  a few y e a r s  cons ide rab le  areas of s u r f a c e ,  i n  mine a r e a s  
a f f l e c t e d  by ac id  mine d r a i n a g e ,  are going to  be  covered by s ludge .  

Also ,  i t  w i l l  b e  no ted  t h a t  where s t r o n g l y  a c i d  water o r  i f  l a r g e  q u a n t i t i e s  
of a c i d  water o f  less s t r e n g t h  are t o  be  t r e a t e d ,  s u b s t a n t i a l  areas f o r  p l a n t  
c o n s t r u c t i o n  and s ludge  d i s p o s a l  w i l l  b e  r equ i r ed .  I n  some a r e a s  of t h e  c o a l  
f i e l d s ,  l and  of t h e  n a t u r e  r e q u i r e d  and acreage  a r e  s c a r c e .  

The l e s s o n  seems t o  be p l a i n  t h a t  t h e  t r ea tmen t  of a c i d  mine was tes  w i l l  no t  
be e a s i l y  and economically achieved  by l ime n e u t r a l i z a t i o n ,  nor i n  most c a s e s ,  
w i l l  t h e  problems a s s o c i a t e d  wi th  t h e  s ludge  d i s p o s a l  be  e a s i l y  handLed. 
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AERIAJ., PHOTOGRAPH OF THE A C I D  MINE DRAINAGE TREATMENT PLANT 
(1) S e t t l i n g  b a s i n s ,  l e f t  one i s  f u l l  of t r e a t e d  water. 
(2) Sludge d i s p o s a l  b a s i n .  (3)  Sludge pump house. (4)  Aerat ion 
p l a n t .  (5) Water s o f t e n i n g  p l a n t .  (6)  Acid t reatment  house 
(7) Flume t o  a e r a t i o n  p l a n t .  

L a 

Minu t e8 

FIGURE 3 
CURVES SHOWING AERATION RESULTS ACHIEVED 
Note t h e  a b s c i s s a  d e s c r i p t i o n  r e f e r s  t o  
t h e  minutes t h e  t r e a t e d  water has  been 
i n  t h e  a e r a t o r .  
refers t o  t h e  p a r t s  p e r  m i l l i o n  of f e r rous  
i r o n  remaining i n  the  t r e a t e d  water. 

The PPM on t h e  o r d i n a t e  

I 
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FIGURE 4 
AERATION UNIT I N  OPERATION 

FIGURE 5 
PHOTOGRAPH OF WATER HARDNESS TREATMENT PLANT 
(1) Treated water.  ( 2 )  Sodum Carbonate s o l u t i n n  
meter ing arrangement. 
and d i scha rge  of t r e a t e d  water. The overflow 
is through a p i p e  not v i s i b l e  i n  t h e  lower 
foreground. 

( 3 )  Water metering dev ice  
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Hydrology and Chemistry of 

' Coal-Mine Drainage i n  Indiana 

Allen F. Agnew and Don M. Corbett 

Water Resources Research Center 
Indiana University 

Bloomington, mdiana 

Introduction 

In  recent years it has become increasingly fashionable t o  speak of man's 
modification of h i s  environment as another evidence of man's inhumanity t o  man, 
thus implying tha t  all modifications are deleterious ones. Q u i c w  we choose sides, 
and the debate is on. These debates make strange bedfellows, f o r  they do not pre- 
sent s c i e n t i s t s  versus non-scientists as a b a t t l e  of the two cul tures ,  but rather,  
s c i en t i s t s  and engineers a re  l i b e r a l l y  sprinkled among others of the "pro" group and 
the "con" group. 

If we adopt the def in i t ion  of environmental pollution tha t  i t  i s  the "unfavor- 
able a l t e r a t ion  of our surroundings", as w a s  proposed by the Environmental Pollution 
Panel of the President 's  Science Advisory Committee (1965, p. l), then we accept the 
fact t h a t  "these changes m a y  a f f ec t  man d i r ec t ly ,  or. . .his physical objects or 
possessions, o r  h i s  opportunities f o r  recreation and appreciation of nature". 

In  a recent a r t i c l e ,  Norman Brooks (1967) provided an excellent analysis of the 
closely in te r re la ted  problems of m a n ,  water, and waste, thus guiding us toward the 
subject of t h i s  paper. 

Water from Cod-Mining Operations 

Precipitation tha t  reaches the  ground must e i ther :  (1) evaporate o r  transpirb 
back i n t o  the atmosphere, (2) i n f i l t r a t e  i n t o  the  ground and become par t  of the under- 
ground water supply, or (3)  run off at the surface of the ground i n t o  streams. 
oration and t ranspi ra t ion  losses  vary both da i ly  and seasonally, whereas runoff is 
sens i t ive  not only t o  these two fac tors  but t o  others such as the in t ens i ty  and m a g -  
nitude of rainfall, and the a b i l i t y  of the ground t o  s to re  water. 
i n f i l t r a t i o n  are extremely important i n  the matter of acid-mine drainage. 

Evap- 

Surface runoff and 

Hydrologic e f f ec t s  of coal-mining operations include changes i n  the quali ty of 
the water in streams, as well  as changes in  the quantity. Both qua l i ty  and quantity 

charac te r i s t ics  and possible e f f ec t s  i n  producing environmental changes. 
closely re la ted ,  and must be considered together when we attempt t o  evaluate t h e i r  

Changes i n  the qua l i ty  of water as a re su l t  of the mining process include chemi- 
ca l ,  physical, and b io logica l  ones. Tak ing  these i n  reverse order, it is  possible 
tha t  the biological e f f ec t s  are more benef ic ia l  than not, because research has shown 
tha t :  
surface water i n  streams t h a t  have received improperly t rea ted  sewage (Anon, 1@), 
and (2) inh ib i t ion  of bac te r i a l  growth i n  acid-producing underground mines can in- 
h i b i t  the production of acid waters (Shearer, Everson, 1965; Shearer and others, 
1968). 

(1) acid mine waters a re  useful i n  a t  l e a s t  p a r t i a l l y  res tor ing  the  quali ty of 

Physical changes in water qua l i ty  have been described usually as the unwauted 
increase i n  turb id i ty  end objectionable colors,  because of the presence of Fe(OH)3, 
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Fe(OH)S04, and Fe 0 
stream bottoms, do& w i t g  the black sediment t ha t  r e su l t s  from c o d  f ines  coming 
from the  washing operations i n  the coal-preparation plant. 

x H 0 i n  suspension i n  the streams and as a p rec ip i t a t e  on the 

Other physical changes, on the pos i t ive  s ide ,  are the  increase i n  ground-water 
f l o w  t o  streams during dry times, and the decrease i n  flood runoff during wet times 
(Corbett, 1965; knew, 1966). 
the  permeable, uncompacted cast-overburden material. tha t  i s  excavated and piled up 
before the coal can be extracted,  and the la t ter  is  due t o  the arrangement of these 
ridges of displaced bedrock and sediment across drainage l i n e s  of pre-existing surface 
streams. 

The former i s  due t o  the i n f i l t r a t i o n  of r a i n f a l l  i n to  

, 

.- 
Surface runoff and i n f i l t r a t i o n  a re  extremely important i n  the matter of acid- 

mine drainage, fo r  the water reac ts  with py r i t e  (FeS ) i n  an oxidizing environment t o  
car ry  FeS04 and Fe(OH)2 i n  solution, resu l t ing  i n  acid water arid a suspension and pre- 

and Fe203' x H20. 

2 
, 

I c i p i t a t e  known as "yellow boy" -- compounds present include H2S04, Fe(OH)(SO4), Fe(OH&, , 
Often the "yellow boy" s e t t l e s  out on the stream bed, and re f lec t ions  i n  the 

water make it appear t ha t  t he  flowing water is also yellow whereas it i s  only s l i gh t ly  
murky. When the stream bed is  f ree  of "yellow boy" and there  i s  no evidence of 
aquatic l i f e ,  and the flowing water i s  c lear ,  then the presence of ac id  i s  very prob- 
able. 

We have recognized t h a t  the "flushout" phenmenon i s  most c r i t i c a l  with regard 
t o  acid-mine drainage (Corbett, Agnew, 1968, p. 133-155). 
intense rainfall during a period of low streamflow or drought, and causes the follow- 
ing t o  be picked up by the stream o r  washed i n t o  it: (1) materials eroded from mine- 
vaste p i l e s  or t a i l i ngs  ponds, (2) oxidized acid-forming materials previously collec- 
ted on the  banks a& i n  the  flood plain,  (3)  bottom deposits scoured from the stream 
bed, and (4)  impounded w a t e r  of poor quality.  

A flushout results from 

These and other chemical aspects are discussed i n  grea te r  d e t a i l  i n  succeeding 
sections of t h i s  paper. 

Water from Indiana Coal-Mining Operations 

Indiana i s  not one of the  s t a t e s  t ha t  has a major problem with chemical and 
physical pollution of i t s  water resources, caused by coal-mining operations. Because 
i t s  land i s  r e l a t ive ly  f l a t  o r  has a subdued r o l l i n g  topography, the  physical e f f ec t s  
of erosion and deposition of sediment from hillwash and by landslides are not nearly 
so prominent as i n  the more rugged h i l l y  o r  mountainous country of la rge  par t s  of 
Appalachia; nevertheless, sediment rates are higher i n  Indiana during and f o r  a short 
time a f t e r  mining operations, u n t i l  the new vegetation ge ts  established on the slopes. 
Another source of physical pollution is  the dry-coal residue resu l t ing  from washing 
i n  the  coal-preparation p lan t ;  slugs of t h i s  material -- and even fairly continuous 
discharges of i t  -- are released to  the streams, causing problems tha t  are mainly un- 
s igh t ly .  
water, but the effect  can be benef ic ia l ,  apparently because of the reducing action of 
the  c o d .  
Indiana w i l l  assure t h a t  t h i s  problem is  held t o  a minimum. 

Similarly, Indiana's problem with chemical po l lu t ion  of surface waters because 
of coal-mining ac t iv i ty  has been r e l a t ive ly  minor, fo r  da t a  gathered recently by the 
S ta t e  Board of Health revealed tha t  only sane 300 miles of streams were so affected 
(WoodleY, Moore, 1966, p. a), from a t o t a l  of approximately 15,000 miles i n  the 
southwestern par t  of the  S ta te .  

I 

Sometimes the  presence of these coal f ines  a f f ec t s  the chemistry of the 

Enforcement of the present Surface Mining Reclamation Act of 1967 i n  

However, our research has shown tha t  the cxcwrence, character,  and d is t r ibu t ion  
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of t h i s  acid po11v.tio~l i s  closely related t o  the amount of flow i n  the stream, so the 
stream hydrology i s  of utmost importance i n  obtaining a much more precise assessment 
of the matter. Thus, by careful  sampling and analysis,  the problem i s  shown to  be 
r e s t r i c t e d  t o  localized geographic areas and t o  specif ic  time periods. Accordingly, 
one of the major contributions of our research study i s  the f a c t  tha t  i n  an acid- 
producing area not all of the area is  equally blameworthy, and what i s  even more i m -  
por tant ,  the acid character of a stream is  variable so tha t  only during specific 
c l h a t o l o g i c  events does the major pH or ac id i ty  problem resul t .  

Our research work has caused us t o  conclude (Corbett, Agnew, 1968, p. 133-155) 
tha t  the flushout phenomenon is  the cause of the major par t  of the acid-mine drainage 
problems i n  Indiana. 
of west-central Indiana, has been corroborated during the Summer of 1968 i n  the 
Patoka Rive r  area, 75 miles t o  the south (Corbett, 1969). 
the most damaging aspect of the flushout phenomenon i s  the erosion of the old mine- 
waste piles tha t  are res i s tan t  t o  i n f i l t r a t i o n ,  and t o  erosion of abandoned rai l road 
grades and haul roads, and discharges from coal-preparation plants.  

This conclusion, f i r s t  reached i n  the Busseron Creek Watershed 

It seems evident that  

Analysis of the flushout phenomenon has shown tha t  i t s  ef fec t  i s  dependent upon: 
(1) magnitude and in tens i ty  of the storm, (2) length of time since the last flushout, 
(3) r a t i o  of area compacted during mining t o  the t o t a l  area mined, (4) storage poten- 
tial of las t -cut  lakes (lakes formed i n  the l a s t  cut  resul t ing from the mining process) 
and adjacent cast-overburden material (rock, s o i l ,  and loose sediments l i f t e d  off the 
coal  by a dragline and deposited i n  d i r t  stacks t o  the s ide)  a t  the time of the storm, 
and (5)  the ease of storm runoff from the compacted areas. 

Thus we concluded (Corbett, Agnew, 1968, p. 4) that :  (1) the magnitude and f re -  
quency of storm runoff has an appreciable e f f e c t  on acid concentrations i n  a stream, 
and (2)  present surface-mining operations, except f o r  coal-processing plants ,  are not 
the cause of acid water i n  the streams; ra ther ,  it i s  due mainly t o  old waste p i l e s  
and compacted areas within the disturbed area,  and t o  old underground mines. 

Busseron Creek Watershed 

General Statement 

T o  i l l u s t r a t e  the foregoing statements, we wish t o  use the Busseron Creek 
Watershed and especially i ts  Mud Creek Tributary, i n  the coal-mining area of west- 
cen t r a l  Indiana (Fig. 1). This area i s  one of the authorized Public Law 566 Small 
Watershed projects  of the U. S. Soi l  Conservation Service, which contemplates the 
construction of 26 flood-retarding dams. Fifteen of these s t ructures  have already 
been b u i l t ,  some i n  watersheds tha t  w i l l  be surface-mined a t  a fu tu re  date; i n  f a c t ,  
one dam site ( in  the Mud Creek Tributary Watershed) has already been mined aut ,  and 
two others (in the Buttermilk Creek Tributary Watershed) are scheduled f o r  mining in 
the near future.  Furthermore, one si te i s  planned i n  the Sulphur Creek Tributary 
Watershed, which contains acidic  surface water at both low and high stream flows. 

Mud Creek Tributary Watershed contains 11.9 square miles of drainage area, of 
which 5.2 square miles has been disturbed by surface mining for  coal. 
cent of the  mined area contains water of good qual i ty  i n  the las t -cu t  lakes  and 
ground water i n  the cast overburden. 
w a s t e  p i l e s ,  an abandoned t a i l i n g s  pond, and an 18-am-e l a s t - cu t  lake through which 
Mud Creek flows because of an a r t i f i c i a l  diversion; the purpose of t h i s  diversion w a s  
t o  permit s e t t l i n g  out of f ines  eroded from the upstream mine-waste p i l e s  during 
intense storms. 

About 87 per- 

The remaining 13 percent i s  comprised of mine- 

me SCS and the U. S. Geological Survey, in  cooperation with the  State of 
Indiana, instrumented the Watershed with automatic recording S tmam gages 90 that 



140 

continuous streanflow da ta  could be obtained a t  s ix  water-sampling . s i tes ;  i n  addition, 
we estimated the  streamflow on numerous occasions a t  f ive  additional s i t e s ,  and l e s s  
of ten at more than 100 supplemental locat ions.  

some 430 water samples were col lected from these s i t e s  at  various times during 
the two-year period, November 1965 - November 1967; the Federal Water Pollution 
Control Administration made analyses of approximately 400, and the Indiana State  
Board of Health analyzed the remaining 30, for pH, conductivity, acidi ty ,  a lka l in i ty ,  
t o t a l  hardness, t o t a l  i ron,  manganese, chloride,  and su l fa te  (Corbett, &new, 1968 
tab les  in  appendix). 

Within the Busseron Creek I.!atershed, three areas had been known t o  carry acid 
water -- the Big Branch - Mud Creek, the Sulphur Creek, and the Buttermilk Creek 
Tributary Watersheds (Fig. 2 ) .  Surface mining had disturbed 26, 7, and 12  percent, 
respectively,  of these areas.  

Our s tudies  showed t h a t  the upper p a r t  of Big Branch has no acid-mine drainage 
problem, although su l fa te  occasionally i s  high. 
an acid problem, but  t h i s  was due t o  old mine-waste p i l e s  and underground mines rather 
than t o  recent or current. surface mining. Further, the acid concentration of Nud 
Creek dropped considerably after i t  joined Big Branch. 

'The upper p a r t  of Mud Creek did show 

Acid water is apparently contributed t o  Sulphur Creek by both old underground 
and old surface mines. 

The Big Branch - Mud Creek Tributary and the Sulphur Creek Tributary drainages 
jo in  the mainstem Busseron Creek (Fig. 2 ) ,  where t h e i r  acid waters are di luted and 
p a r t i a l l y  neutralized so t h a t  normally the pH and ac id i ty  are  moderate t o  good -- 
except when flushouts occur. 

Farther downstream is the  Buttermilk Creek Tributary Watershed (Fig. 2),  which 
contributes a c i d  water t h a t  i s  derived from old mine-waste p i l e s  and an old under- 
g r a d  mine. However, the mainstern Busseron Creek d i l u t e s  Buttermilk Creek so that 
water of acceptable pH and a c i d i t y  i s  present at the lowest streem-gaging s ta t ion on 
the Busseron -- except during flushouts.  

The flushout phenomenon w a s  studied careful ly  during three storms -- April 26-27, 
1.966; November 10-17, 1.966; and M a y  1-5, 1967 (Corbett, m e w ,  1968). 
the flushout e f fec t  w a s  apparent at and before the time of the peak discharge of the 
streem, and w a s  of short  duration; chemical e f f e c t s  included an increase i n  acidi ty ,  
t o t a l  iron, and su l fa te ,  and a decrease i n  pH and a lka l in i ty .  

In general, 

Hydrology and Chemistry -- Flushouts 

Unless he has automatic monitoring equipment, t h e  hydrologist rarely i s  able t o  
gather from streams all  the chemical d a t a  t h a t  he w a n t s ,  so he must make h i s  inter-  
pretat ions and draw h i s  conclusions by ra ther  subjective extrapolations on the basis 
of h i s  experience. 
too-few d a t a  and pro jec t  them throughout the year, thus arr iving a t  t o t a l  loads of 
ions on an annual basis.  
of these data ,  and should help the water chemist in te rpre t  the hydrologic-chemical 
s i tuat ion.  

Some hydrologists and chemists have f e l t  forced t o  take these all- 

The hydrologist ,  however, should recognize the l imitat ions 

Thus, acid loads calculated f o r  a stream f o r  the year, but based on samples t aken  
at  only a re la t ive ly  few times during the year, m w  be great ly  i n  e r r o r  because they 
m&Y have sampled only the "normal" hydrologic events ra ther  than some of the abnormal 
ones, o r  vice versa. 

Examples of t h i s  procedure are not uncommon, such as the report  of a private 
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research foundation (Clifford,  Snavely, 1954, p. 12 ,  l 3 ) ,  which w a s  based on Samples 
taken every three months, without measurements or estimates of streamflow. This 
report  did c i t e  scat tered measurements of the USGS (Clifford,  Snavely, 1954, Tables 
A-2 and A-3) ,  wherein pH, ac id i ty ,  and hardness were presented, but f o r  only one 
sampling date.  The authors s ta ted  that  "complete chemical analyses are  a l s o  avail-  
able, but are not reproduced here as they would serve no purpose" (p. 13).  
fa l lacy  of t h i s  statement i s  brought out by a recent USGS report  (Musser, Whetstone, 
1964), wherein the e f fec ts  of aluminum and s i l i c o n  are considered as significant i n  
addition t o  pH, acidi ty ,  su l fa te ,  iron, and manganese. 

The 

The Federal Water Pollution Control Administration has made excel lent  progress 
i n  dealing with t h i s  matter of adequate and representative sampling i n  recent years, 
especial ly  a t  i ts two Ohio River Basin Field Stations -- i n  Evansville, Indiana and 
Wheeling, West Virginia. 
well  as "maximums"  and "minimums", (1967, p. B-14, Figures 3-5; 1968a, Table 2; 
l w b ,  Tables 6, 9-10, 12-13, 1 5 ,  17, 19, 21), i t  commendably recognizes the flush- 
out e f f e c t  tha t  causes increased acid concentration along with increases i n  stream- 
flow. 

Although the FWPCA s t i l l  reports  "average" parameters as 

The flushout phenomenon was discussed b r i e f l y  i n  a recent USGS report  (Biesecker, 
George, 1966, p. 5 ) ,  wherein they s ta ted tha t  "occasional f lushing of mines by ex- 
cessive precipi ta t ion produces temporary, but  often more dramatic stream damage" 
than continuous mine drainage; they went on t o  corroborate our view t h a t  continuous 
mine-drainage problems (as  contrasted with f lushouts)  "should be more serious during 
the June - November low-flow period when stream waters normally are more concentrated". 

The flushout e f fec t  in  the Busseron Creek Watershed i s  what we wish t o  discuss 
now, not only t o  show the relat ionship of increased concentration of ions with 
increased streemflow, but a l s o  t o  show the value of gathering water samples a t  many 
times during such an event. 

Between the hours of 1455 and 1510 on June 24, 1968, a t o r r e n t i a l  r a i n  storm 
swept across the Mud Creek Tributary Watershed, regis ter ing 1.04 inchqs i n  15 minutes 
a t  the Minnehaha Mine gage near the lower end of the Watershed (Fig. 3).  The junior 
author and microbiologist Richard Kindig were nearby when the ra in  began, and drove 
t o  the USGS stream-gaging s ta t ion  on Mud Creek near i ts  mouth, a r r iv ing  a t  1520 hours. 

They collected ten water samples i n  the next 90 minutes, catching a prelimFnary 
c res t  and recession and then the main c r e s t  at 1620 hours (Fig. 3). 
sample was collected a t  1710 hours, as the flood recession w a s  beginning t o  taper off.  

A f i n a l  water 

Table 1 and Figure 3 show signif icant  trends i n  the acidi ty ,  su l fa te ,  and con- 
duct ivi ty ,  which increased in concentration during the r i s i n g  discharge (aLthough 
conductivity dropped j u s t  before the c r e s t ) ,  and then continued t o  r i s e  as the d is -  
charge was decreasing. 
due t o  a sampling or analyt ical  error . )  

(The f i n a l  drop i n  conductivity i s  unexplained, and may be 

\ 
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Table 1. -- Chemical qua l i ty  of water samples obtained during flushout 

of June 24, 1968, a t  Mud Creek stream gage, Busseron Creek 
Watershed (analyses by FWFTA Evansville Field Station).  

Real Conduc- Alka- Hot Total  Total D i s -  
time t i v i t y  pH l i n i t y  Acid- Hard- C a  Mg Fe Mn SO4 charge 
C.S.T. a/ b/ i t y  b/ ness c/ d/ d/ d/ d/ e (cfs  1 

io10 2450 4.3 o 180 1840 362 228 45 19 1900 4.6 

1445 1200 5.0 3 270 1330 263 164 126 15 1200 17.0 
1455 1350 4.9 10 790 1610 321 197 --- 18 1900 52.0 

1420 1000 4.4 0 310 U30 233 134 137 13 1400 13.0 
1435 1050 4.6 1 210 1080 227 125 104 14 1300 10.0 - 

1500 1150 4.6 2 850 1220 '251 144 318 25 2100 61.0 
1510 1200 3.5 0 1200 1140 257 120 560 20 2660 79.0 
1515 1500 2.8 0 1300 1170 289 lo9 8 9  16 2600 82.0 1 

1520 Peak Discharge -- No water sample collected. 84 .O 
1525 1800 2.6 0 1600 1180 321 93 700 15 2600 82.0 

1540 2050 2.5 0 1800 1450 364 131 830 21 3200 74.0 
1550 3100 2.5 0 2000 1470 375 131 780 26 3300 64.0 
1625 3400 2.5 0 1900 1570 396 142 647 26 3300 35.0 
1710 2600 2.5 o 2100 1670 396 153 592 21 3400 22.0 

micromhos at 25OC per centimeter 
bJ potentiometric t i t r a t i o n ,  m g / l  
cf calculated o n l y  from C a  and Mg, mg/l 

atomic absorption spectrophotometer , mg/l 
ef turbidimetric by prec ip i ta t ion  as  BaSO4., m g / l  

/, 
i 

I Hardness likewise increased, but experienced a madced decrease during the peak 
discharge, and then continued t o  increase during the discharge recession. Total iron 
a l s o  increased during the rise i n  discharge,experienced a d i p  during the discharge. 
c r e s t ,  again increased b r i e f l y  while the discharge w a s  decreasing, and then gradually 
decreased. 

It w a s  expected because of the flushout character of t h i s  storm, t h a t  the pH 
would decrease abruptly as the peak discharge was reached, and maintain tha t  low 
l e v e l  throughout the period o f  decreasing discharge; the l a t t e r  occurred, but the pH 
decrease began e a r l i e r  than expected, f o r  the following reasons. 

Coal f ines  fran the t a i l i n g s  pond described on page 3, and mine-waste f ines  were 
simultaneously flushed out of t he  las t -cu t  lake i n t o  Mud Creek on June 24, 1968. 
believe tha t  the reducing e f f ec t  of coa l  f i nes  i n  the t a i l i ngs  pond kept the pH of 
the water during the flushout frm f a l l i n g  below 4.9 until the recharge frm th i s  
area was depleted, whereupon pH decreased and ac id i ty  increased j u s t  before the c re s t  
of the discharge was reached, rather than at the beginning of the r i s e  as was shown 
i n  an e a r l i e r  published repor t  (Corbett, Agnew, '$82 fo r  the three flushouts of 1966 
and 1967, because the  stream gage sampling s i t e  is 15 miles downstream from the t a i l -  
ings pond and l as t -cu t  lake ,  and because of the reducing e f f ec t  of the coal f ines.  

Obviously, if only one water sample had been taken during t h i s  flushout, and 
i t s  ana ly t ica l  r e su l t s  projected f o r  a much longer period, the projected da ta  would 
have been highly unrepresentative of the stream's overa l l  character. 
t i on  l eve l s  of all of the ions i n  t h i s  ac id ic  stream were in  excess of acceptable 
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potable w a t e r - p a l i t y  standards even before the flushout ( s u l f a t e  1200-1400 %/l; 
t o t a l  hardness, 1100-1200; acidi ty ,  200-300; i ron 100-200), but the' flushout 
increased these deleterious concentrations by 3 ,  113, 10, and 4 times, respectively.  

Chemical Analytical Methods 

In  the f i n a l  par t  of the paper we hydrologists wish t o  put 
chemists, and ask for  t h e i r  help. 

some questions t o  the 

In our study, as mentioned earlier, we have re l ied  on the FWPCA and the Indiana 
State  Board of Health f o r  water analyses. 
searched the professional l i t e r a t u r e  f o r  additional water data,  obtaining it mainly 
from USGS publications. In the process, w e  have encountered the following problems 
of re la t ing  or correlat ing analyt ical  resu l t s  performed by d i f fe ren t  methods. 

Further, we have combed the f i l e s  and 

1) Difference between f i e l d  pH and laboratory pH readings, tdren 
from the same sample. From the standpoint of the fieldwork, 
it is  very important tha t  we obtain a re l iab le  f i e l d  pH reading. 
Both agencies report  d i f f i c u l t y  i n  re la t ing the f i e l d  and the 
laboratory pH determinations, whether sampled by us o r  by t h e i r  
personnel; the pH may d i f f e r  by more than one uni t ,  such as a 
f i e l d  pH of 4.0 against  a l a b  pH of 2.9. We recognize tha t  several  
factors  may be involved: importance of time, so tha t  the laboratory 
pH should be run within a few hours of the f i e l d  pH; r e l a t i v e  pre- 
c is ion of the f i e l d  meter and lab  meter; method of sampling by 
persons with d i f fe ren t  kinds of t ra ining;  and adverse f i e l d  con- 
di t ions -- for example, the stream may have t o  be sampled at a 
temperature of 0 C. 0 

- .  \ 

\ 

2) Acidity and alkal ini ty .  Some laborator ies  give a net  ac id i ty  
reading (the difference of the ac id i ty  and a lka l in i ty  measurements), 
whereas others l i s t  ac id i ty  and a lka l in i ty  separateljr. 
i s  l i s t e d ,  t h i s  mqy give the impression tha t  the other i s  zero, 
which i s  not always true.  
of determination of acidi ty .  There are  a var ie ty  of methods of 
acid determination i n  common use, which do not give the same 
results -- hot acid ( a t  or near the boi l ing point) ,  cold acid 
(room temperature), and methyl orange. 
produce what i s  happening i n  the stream, we are to ld  tha t  we 
should run i t  cold; however, if we want t o  obtain the t o t a l  
acidi ty ,  we should run it  hot;  furthermore, the accuracy of the 
older analyt ical  method, methyl orange, depends on the  speed of 
analysis. 
can be applied t o  these resu l t s ,  t o  make all of the avai lable  da t a  
useful. 
t o  continue to look for  differences i n  samples run by the sane method. 

If only one 

But a more important point i s  the method 

I f  we are t ry ing  t o  re- 

What w e  would l i k e  t o  have is a conversion fac tor  t h a t  

You may not be able t o  supply t h i s ,  so we w i l l  be forced 

3)  Relationship of t o t a l  hardness t o  acidi ty-alkal ini ty .  What i s  t h i s  
relationship? 
water samples have been analyzed f o r  t o t a l  hardness, bu t  not f o r  
the more def in i t ive  acidi ty-alkal ini ty .  It would appear, according 
t o  our data  and t o  FWPCA Evansville Field Stat ion chemists, tha t  
acidi ty  plus  t o t a l  hardness (Ca,Mg) approximates sulfate, as sham 
i n  the following tabulation. But i s  t h i s  more apparent than r e d ?  
In alkaline streams they may d i f f e r  considerably. 

It would be very helpful  f o r  us t o  know, as  many 
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T a b l e  2. -- Comparison of acidi ty ,  t o t a l  hardness, and su l fa te  from water samples 
taken during flushout of June 24, 1968 a t  Mud Creek Gag;. 

Tot a1 
Acidity Total  Hardnesq+ . so4 

Time (Measured) + (Calculated fran Ca and Mgx)= Total (Me aswed ) 

1010 180 
1420 310 
1435 2 l O  
1445 270 
1455 780 

1500 
1510 
1515 
1525 
1540 

850 
1200 
1300 
1600 
1800 

1550 xxx) 
1625 1900 
,1710 2100 

1840 
1130 
lOs0 
1330 
1610 

1220 
ll40 
l l 7 0  

1450 
u80 

1470 
1570 
1670 

2om lgoo 
1440 1400 
1290 1300 
1600 1200 
23 90 1900 

2070 2100 
2340 2660 
2470 2600 
2780 2600 
3250 3200 

3470 3300 
3470 3300 
3770 3400 

This re la t ionship of su l f a t e  to  t o t a l  ac id i ty  i s  not an analyt ical  
problem but has been used as a check on the data;  however, as it 
might possess grea te r  significance f o r  us we would l i k e  t o  re fer  
it to the chemists fo r  an answer. 

4) Sulfate determination. Several methods are  in  common use by the two 
Federal laborator ies ,  the EWPCA and the USGS -- turbidimetric, 
colorimetric, end-point t i t r a t i o n ,  and gravimetric. C a n  we compare 
.the results? We should be able to, for "normal" waters, but how 
about acid-mine drainage? 

++ ++ 
5) Total  hardness determination. To determine the t o t a l  Ca and V I  , the 

a t d c - a b s o r p t i o n  spectraphotmeter is  being used more and more. 
However, a more common laboratory technique uses the EDTA method 
with an inh ib i tor ;  sometimes the EDTA method i s  run on the hot- 
acidi ty  f i l t r a t e ,  but some of the Fe, Mn, and Al have already 
been precipi ta ted.  
drainage samples because of the large quant i t ies  of interfer ing 
ions. 

Thus r e su l t s  a re  not re l iab le  i n  running mine- 

6) Conductivity. -Despite the fact tha t  the f i e l d  meter i s  temperature- 
compensated, it is knovn that  the c e l l  constant i n  the f i e l d  meters 
varies; thus field-meter readings and autanatic-monitor readings 

be performed i n  the laboratory a t  25 C. 
' are not a l w a y s  accurate. The FWPCA pw,requires tha t  conductivity 

Our basic references t o  methods and techniques have included the excellent U. s. 
Geological Survey Water Supply Papers 1454 and 1473 (Rainwater, Thatcher, 1960; Hem, 
1959), dealing with co l lec t ion ,  analysis,  and in te rpre ta t ion  of water samples. 
previously cited papers of Musser and Whetstone (1964) of the USGS, and of the 
FWPCA (1967, l w a ,  1968b) show t ha t  we need a d i f fe ren t  s e t  of procedures and 
methods when dealing with m i n e  drairuge. 

The 

These recent papers, coupled with those contained i n  the two mine-drainage 
symposia ( 0 ~ ~ c o , 1 9 6 5 ,  1968)s are taking us a long s tep  .toward the solution of 

, "4 
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these  problems. 
t h i s  opportunity t o  present our needs,to the chemical f r a t e rn i ty  at t h i s  meeting. 

However, w e  .hydrologists s t i l l  need some answers,, and we appreciate 
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F y r e  1. Map of southr.stem Indiuu showing area of cod mines 
and Busrmn Creek Watcnbcd. 
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26% Percent of area mined 
4 MILES 

Figure 2. Map of Busseron Creek Watershed showing 
Big Branch -Mud Creek Tributary Watershed. 
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Figure 3. Graph showing effects of flushout of June 24. 1968 on water quantity 
and quality at Mud Creek Stream Gage, Busseron Creek Watershed. 


